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ABSTRACT
A measure of the impact of marinas on estuarine creeks was obtained 
by a study of hydrocarbons in the sediments of three Eastern Virginia 
estuarine creeks. Two of the creeks support considerable marine 
activity, including pleasure boat marinas, boat repair facilities, and 
commercial fishing operations. The third creek, which served as a 
control, is seldom used by boats, and is surrounded by marsh and wood­
land.
Sediments from the creeks with marinas contained significantly 
higher levels both aromatic and aliphatic hydrocarbons than did the con­
trol. Differences in the concentrations of certain oil-pollution 
indicators such as the 17a,213-hopane homologs and phytane, and low- 
molecular weight aromatic hydrocarbons are indicative of light petroleum 
fractions. Most of the aromatic hydrocarbons from all creeks, however, 
appear to have a pyrogenic origin.
Although hydrocarbons from three probable origins (petroleum, 
pyrogenesis, and recent biosynthesis) were detected in all locations, 
the petroleum derived and pyrogenic hydrocarbons were of only minor 
importance relative to the biogenic hydrocarbons in the control creek.
xi
INFLUENCE OF MARINAS ON 
HYDROCARBONS IN SEDIMENTS OF TWO 
ESTUARINE CREEKS
INTRODUCTION
Oil pollution is a likely consequence of petroleum dependent 
civilization. Large catastrophes like that of Torrey Canyon and the 
blowouts of Santa Barbara provided the greatest incentive to oil pol­
lution research and got the attention of the public because of the 
aesthetic damage and harm to birds and marine life. Although such 
incidents were spectacular, a great number of small continuing spills 
have become a problem of chronic pollution.
Petroleum hydrocarbons in the marine environment are remarkably 
stable and may result In acute or chronic effects on marine organisms. 
Thus, six months after the West Falmouth oil spill, the analyses showed 
that the amount and chemical composition of the No. 2 fuel oil in the 
fat of the oysters remained nearly unchanged. The same spill almost 
virtually extinguished the life in the most heavily polluted areas 
(Blumer et al., 1970). Further studies have also demonstrated the 
adverse effects of petroleum hydrocarbons on marine life. A review of 
this literature can be found in the National Academy of Sciences report: 
"Petroleum in the marine environment", Washington, D.C. 1975.
One of the fates of hydrocarbons in the aquatic environment is 
adsorption on or incorporation into particular matter and final depo­
sition and incorporation into surface sediments (Meyers, 1976). There, 
they may persist for years resulting in some degree of exposure of the 
benthic ecosystem. According to Blumer et al., (1972), the fuel oil in
2
3the West Falmouth oil spill, penetrated the sediment to a depth not 
exceeding 7.5 cm. Two months after the spill, essentially unchanged 
oil was being released from the sediments. Two years after the spill 
oil was still present and transport of contaminated sediment had also 
contaminated areas which had remained clean in the beginning.
The high degree of persistance in sediments is related to the fact 
that hydrocarbons are well protected from bacterial degradation espe­
cially if sediments are anaerobic or become so, because of pollution 
(Blumer ejt al_. , 1970) . Hydrocarbons surviving biodegradation are buried 
in deeper sediments.
In addition to spilled oil, there are other sources of hydrocarbons 
in sediments. These constitute biosynthesis of terrestrial and aquatic 
organisms, geochemical sources, transport through airborne particulates- 
and land runoff.
Biosynthesis of aliphatic hydrocarbons by terrestrial and marine 
organisms is widely accepted. Several studies have shown that normal 
alkanes with 15,17,19 and 21 carbon atoms predominate in algae (Clark 
and Blumer, 1967); pristane in zooplankton and plankton-feeding sharks 
(Blumer et_ a^., 1964); normal alkanes with odd number of carbon atoms, 
in the range of C23 to predominate in land plants and marsh
grasses (Eglinton and Hamilton, 1963). On the other hand, biosynthesis 
of aromatic hydrocarbons has been controversial. Although a few older 
studies suggested aromatic hydrocarbons to be of biogenic origin 
(Brisou, 1969; Borneff et^  al_. , 1968), some more recent reports supported 
pyrogenesis as the most likely source of polycyclic aromatic hydro­
carbons in surface sediments (Youngblood and Blumer, 1975; Hase and 
Hites, 1976; Laflamme and Hites, 1978).
4Geochemical sources like oil seeps, early diagenesis of organic 
matter in surface sediments, ancient sediments and natural pyrogenic 
sources can also introduce hydrocarbons to sediments. Hydrocarbons 
found in seepage oils are in general typical of crude oils (Koons and 
Monaghan, 1976). Early diagenesis of organic matter is a very slow 
process and production of substantial amounts of hydrocarbons would re­
quire increased depth and temperature (Hunt, 1975; Farrington et al., 
1977) . Polycyclic aromatic hydrocarbons produced by this process would 
have a high degree of alkylation, because such formation is favored by 
the low environmental temperatures in the surface sediments (Blumer 
and Youngblood, 1975). The type of hydrocarbons from ancient sediments 
is a function of the age of the sediments and tends towards that of 
crude oil (Hunt, 1975). Combustion of biomass like natural forest and 
prairie fires produces polycyclic aromatic hydrocarbons which trans­
port through the atmosphere into the aquatic environment and eventually 
incorporate into sediments (Youngblood and Blumer, 1975).
Combustion of fossil fuels by man produces polycyclic aromatic 
hydrocarbons which also transport through the atmosphere and incor­
porate into sediments. Oil refineries and related human activities 
should also be considered. Hydrocarbons produced on land by any of 
the above sources may through land runoff end in the aquatic environ­
ment and eventually the sediments.
No standard analytical procedure has been established for the 
determination of hydrocarbons in sediments. Methods employed in this 
study involve solvent extraction, column chromatography, gas chroma­
tography (GC) and gas chromatography-mass spectrometry (GC-MS). This 
last technique provides an excellent tool for the analysis of
5hydrocarbons in sediments. Infrared, ultra-violet visible and fluores­
cence spectroscopy have also been used but with severe limitations in 
differentiating hydrocarbons from petroleum and other sources. Review 
of the analytical methods can be found in Farrington and Meyer (1976) 
and the National Academy of Sciences report (1975).
The purpose of this study is to determine differences in the 
hydrocarbons of bottom sediments from three estuarine creeks located 
near lower Chesapeake Bay. The location of Carter Creek and Sarah 
Creek of York River and White House Cove of Poquoson River is shown in 
Figure 1. These creeks were selected because they all belong to two 
estuaries, which are located in the same general area of lower Chesa­
peake Bay and therefore are in the same salinity and temperature regime. 
The similar temperature and salinity conditions imply similar species 
of estuarine organisms in all three creeks. The difference, however, 
is the presence of marinas and other activities in Sarah Creek and 
White House Cove but not in Carter Creek. These activities are a 
continuous source of hydrocarbons in the two creeks.
A few studies have been conducted on the above creeks, none how­
ever involved hydrocarbon pollution. Calder (1974) studied the stro- 
bilation of the sea nettle Chrysaora quinquecirrha at Sarah Creek. 
Axelrad (1974) studied the nutrient flux through the salt marsh eco­
system of Carter Creek and Moore (1974) studied the carbon transport 
in the tidal marsh of the same creek.
6BLANK PAGE
Figure 1. Lower Chesapeake Bay.
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METHODS
Area of Study
Sarah Creek is located on the north shore of the lower York River,
9 Km from Chesapeake Bay. (Fig. 1) The creek divides into two branches, 
the Northwest and the Northeast, each having average depths of 2 m for 
about 1.3 Km. The bottom consists of mud, except for accumulations of 
shells on private oyster grounds and near oyster houses. Hydrographic 
conditions fluctuate markedly in the creek, both seasonally and in 
response to local weather conditions, so that fresh water runoff 
decreases salinity and increases water turbidity.
White House Cove, is a small creek tributary to Poquoson River, 3 
to 4 Km from Chesapeake Bay. (Fig. 1) The bottom here consists again 
of mud.
Carter Creek is a fairly shallow creek, located on the east shore 
of the lower York River (Fig. 1), in the north of York River bridge.
Marsh land covers a considerable part of all three creeks.
There are different sources introducing hydrocarbons in the three 
creeks, such as marinas, commercial boats, land runoff. Table 1 presents 
details with respect to these sources.
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The objectives of this study were to: measure hydrocarbon concen­
trations in sediments of the three creeks; identify origins of these 
sedimentary hydrocarbons; statistically compare total aliphatic and 
aromatic hydrocarbon concentrations in the three creeks.
Sampling
The locations of the sampling stations are shown in Figures 2,3 
and 4. Table 2 contains sampling details of the three creeks.
TABLE 2
SAMPLING OF THE THREE CREEKS
Creek
Number of 
stations
Number of 
replicates 
per station
Date of Salinity range at 
sampling time of sampling
Carter Creek 2 6 29 Aug. 1978 13-15 p.p.t.
Sarah Creek 6 3 10 Nov. 1978 14-15 p.p.t.
White House 
Cove of
Poquoson River 2 3 15 Nov. 1978 13-16 p.p.t.
Six replicates per station were used in the first sampling in 
Carter Creek. After these samples were analyzed, it wad decided to re­
duce the number of replicates from six to three, because the percent 
standard error for the means of total aliphatic and total aromatic 
hydrocarbon concentrations in each station, was small (less than 5%).
Every effort was made to avoid sampling areas which contained sand 
in the bottom sediments. This was because sandy sediments do not
IX
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Figure 2. Carter Creek sampling stations.
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Figure 3. Sarah Creek sampling stations.
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Figure 4. White House Cove area of Poquoson River sampling 
stations-
m
CL
_i
o <
CO 2
o  —
o <  
o  s
CL
CL Ui
L U
17
contain high hydrocarbon concentrations, in comparison to sediments 
consisting exclusively of mud. There was only one area, close to the 
York River Yacht Haven Marina, where it was necessary to move the 
sampling station SD a little further to the north, in order to avoid 
sampling sandy sediments. All the rest of the samples consisted ex­
clusively of mud.
Sediment samples were taken with a small metallic (Ponar) grab.
To avoid contamination the grab was washed with methanol and toluene 
in between stations and with ethanol between grabs. Approximately 
500 g of surface sediment (top 4-5 cm) were removed from the central 
undisturbed portion of each grab, using an ethanol washed steel scoop. 
Sediments were immediately placed in wide mouth glass jars with Teflon 
lined caps and were kept at ambient temperature until returning to the 
laboratory. There, they were stored in a freezer at -10° C.
Extraction
The frozen samples were thawed, placed in precleaned stainless 
steel trays and freeze-dried in a Virtis 10-MR-TR freeze-drier. The 
freeze-dried sediments were spiked with a known amount of recovery 
standard. All Carter Creek’s samples were spiked with 47.7 ug of n - C ^  
and 43.5 i_Lg of hexamethylbenzene. The spike range was 1.08 Ug/g - 
1.37 Ug/g of dry sediment for anc* ^>99 ^g/S " 1-25 Ug/g of dry
sediment for hexamethylbenzene. The remainder of the samples were 
spiked with 41 ug of n-decylcyclohexane and 42.2 ug of 1,3,5-triiso- 
propylbenzene. The spike range in these samples was 0.49 ug/g - 
0.71 Ug/g of dry sediment for n-decylcyclohexane and 0.51 Ug/g - 0.73 
Ug/g of dry sediment for 1,3,5-triisopropylbenzene.
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The sediments were Soxhlet extracted for 48 hours with 3:7 toluene- 
methanol mixture, with solvent change once after 24 hours (Rohrback and 
Reed, 1975).
The combined total extracts were rotary evaporated to approximate­
ly 100 ml and then saponified with equal volume of 0.5 M KOH in 1:1 
methanol-water for 4 hours under reflux.
The non-saponifiable fraction was extracted with hexane. After 
drying overnight with anhydrous Na^SO^ the hexane extract was reduced 
to approximately 3 ml by rotary evaporation, transferred to a 15 ml 
centrifuge tube and then evaporated gently under a ^  stream to 1 ml.
Column Chromatography
Columns were standard 10 X 300 mm with coarse glass frit, packed 
with hexane slurry of silica gel (100-200 mesh Bio-Sil -A) activated 
at 235° C for 16 hours. The gel was settled with a vibrator to a height 
of 175 mm so that the hexane eluting flow rate was 40 drops/min.
A layer of activated copper, 1 cm thick, and a layer of sea sand, 
0.5 cm thick, were applied to the top of the column.
The following procedure was used to prepare activated copper. A 
small amount of copper was placed in an Erlenmeyer flask and was rinsed 
successively: twice with concentrated HC1, twice with distilled ^ 0 ,  
twice with methanol, twice with benzene, twice with hexane and stored 
in hexane.
Activated copper was used within 5 days of preparation. The con­
centrated extract was applied to the prewashed column (rinsed with two 
column volumes of hexane) and eluted with hexane. After discarding the 
first 5 ml of hexane, 15’ ml of the eluate were collected (hexane frac-
19
tion). Elution was continued with 40:60 (v/v) benzene-hexane of which 
30 ml were collected (benzene fraction). Elution with 40:60 v/v 
benzene-hexane started after 13 ml of the aliphatic fraction were col­
lected. The hexane fraction was evaporated under nitrogen to 3 ml and 
the benzene fraction was evaporated to 2 ml .
A flow chart of the analytical procedure is presented in Appendix
A.
Gas Chromatography (GC)
High resolution wall coated glass capillary columns were used for 
gas chromatography of all samples. The gas chromatograph used was a 
Varian 2700, modified to accept capillary columns and Grob injectors, 
with a Hewlett-Packard 3354B Laboratory Automation System and a dual pen 
recorder.
GC conditions were:
Grob injector: splitless (Grob and Grob, 1978)
Injector temperature: 240° C 
Detector: FID
Detector temperature: 220° C 
Column length: 20 m
Liquid phase: SE-'52 which was applied to a Barium Carbonate, type 
capillary as described by Grob, Grob and Grob (1977)
He pressure: 60 psi 
Air pressure: 60 psi 
Hydrogen pressure: 40 psi
Column temperature program: 45 to 240° C at 8° C/min and hold
20
at least until wa$ detected.
Each day, one aliphatic and one aromatic qualitative and quantita­
tive standard was injected. The standards were used to calculate 
response factors and compare retention times with those of the com­
pounds in the samples. Qualitative and quantitative composition of 
the standards can be found in Appendix B.
Before injection, all samples were spiked with 22.4 i_Lg of 1,2,3,4 
tetramethylbenzene.
All data from each injection were stored on magnetic disc files 
of the Hewlett Packard 3354B Laboratory Automation System. Integration 
methods were developed to analyze the raw data based on the 3354B 
operator's manual. To calibrate the method, a standard mixture, whose 
composition is precisely known, is required. This mixture must also 
include the internal standard compound (here 1,2,3,4-tetramethylbenzene) 
and all the compounds being quantitated. Using this calibrated method, 
the system is able to identify the peaks of the sample which are 
included in the standard mixture and calculate their concentrations.
The peak identification takes place by comparing the retention 
times in the method with the retention times of the peaks in the actual
run. More specifically, the system searches first for reference peaks
and compares their retention times with those listed in the method and 
derives a calibration curve. Finally it uses the curve to identify 
the remaining peaks.
The calculation of concentrations is based on the following steps:
1) The system integrates all the sample peaks and obtains a
raw area for each.
2) It uses the calibration standard mixture to calculate absolute
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response factors by dividing the correct amount by the raw 
area. Then it divides the absolute factors by the absolute 
factor of the internal standard and finds the relative 
response factors.
3) It divides the amount of internal standard added to the sample 
by the sample amount and finds the ratio R.
4) It multiplies the raw area of each peak by its relative 
response factor to obtain corrected area.
5) It divides the corrected areas by the corrected area for the 
standard to obtain relative concentrations, which then are 
multiplied by the ratio R to correct for variations in the 
sample size.
The concentration is given by the relation:
F • A.
C = 1 1 x R x
i F A 100s s
where: Ch = concentration of component i
= relative response factor for component i
Fs = relative response factor for internal standard
= area of component i
A = area of internal standard s
R = ratio of the standard amount to the sample amount, Ug/g 
D = parameter ”% Dilution Factor”, normally 100.
For calculation of the concentrations corresponding to the un­
resolved envelopes: a) the entire resolved plus unresolved area was 
integrated by using as reference base line that of pure hexane, b) The 
resolved area was integrated, c) The difference estimates the amount
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corresponding to the unresolved envelope, The G.C. amounts of total 
aliphatic hydrocarbons were determined by adding the amount of total 
resolved aliphatics and the amount of the aliphatic UCM. The calcula­
tion of concentrations of UCM and compounds not included in the 
standard was based on a single response factor. The G.C. amounts of 
total aromatic hydrocarbons were similarly determined. Total hydro­
carbons were determined by adding the total G.C. aliphatics and total 
G.C. aromatics.
The method failed to identify four (always the same) out of fifty 
peaks. This happened because these were very small peaks and the system 
selected larger peaks instead, eluting at the same retention time win­
dow (HP 3354B Operator’s Reference). Therefore it was necessary to 
check all the results and make the appropriate corrections. However, 
the facts that it does not require constant sample size and amount 
injected as well as the time which was saved for making the calcula­
tions and data processing must be recognized as two very important 
advantages.
Gas chromatography-Mass spectrometry (GC-MS)
In an effort to identify as many peaks as possible, some of the 
samples were analyzed by GC-MS and the information obtained was trans­
ferred to other samples. Both aliphatic and aromatic fractions of the 
samples CA-5, SD-1, SA-3 and PB-2 were analyzed by GC-MS. The mass 
spectra were recorded on a Du Pont 21-492B instrument, interfaced to 
a Varian 2740 gas chromatograph and a data system able to produce 
reconstructed chromatograms, mass chromatograms and mass spectra. The 
system was operated in its electron ionization mode at 70 eV.
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The identification of compounds included in the aliphatic and 
aromatic standards (see Appendix B) was initially based on retention 
time and then was confirmed by mass spectra.
The identification of compounds not included in the standards was 
based either on mass spectra and retention information published else­
where or on their mass spectra alone. Therefore some identifications 
must remain tentative.
One. of the most difficult problems was the presence of partially 
resolved or superimposed compounds which gave non recognizable mass 
spectra. There have also been cases where mass spectra were assigned 
to a class of compounds rather (olefin, branched alkane, aromatic etc.) 
than to a specific compound. The basic fragmentation rules (McLafferty, 
1973) were used to completely or partially identify normal alkanes, 
aromatic hydrocarbons and some branched alkanes, olefins and cyclo- 
alkanes from their mass spectra.
Pentacyclic triterpanes of the hopane family were also identified 
from their mass spectra. The mass spectral features which allow this 
identification are the two fragments (m/e 191 and 148 + R) whose rela­
tive intensity changes with the stereochemistry of the molecule but is 
characteristic for one given stereochemistry. For example m/e 191 > m/e 
148 + R for the a,3-series, m/e 191 < m/e 148 + R for the 8,8-series 
and m/e 191 - m/e 148 + R for the 8,ci-series (moretanes) . However, 
these characteristics do not allow distinction between 17a,218-hopane, 
178,21a-moretane and 178,218-hopane (30 carbon atoms each), because the 
fragments 191 and 148 + R coincide. The difference in retention time 
is used in this case (Ensminger, 1974; Wardroper et al_., 1977; Bieri, 
1978; Bieri, 1979 personal communication). The structure and stereo-
24
chemistry of hopanes is shown in Appendix C.
RESULTS 
Qualitative data
Aliphatic fraction - All the gas chromatograms of the aliphatic 
fractions were visually examined. The chromatographic pattern for chro­
matograms of the same creek appeared to be very similar. Figures 5,6,7 
present three typical gas chromatograms of aliphatic fractions, one 
for each creek. An exception to this are some samples from Sarah Creek 
and White House Cove, which have a bimodal distribution of their ali­
phatic hydrocarbons. Such a chromatogram is shown in Figure 8 .
All samples contain a broad range of normal alkanes from n-C ^ to 
n—C^2* The chromatographic conditions did not allow for analysis of 
n-alkanes greater than n-C . Normal alkanes anc* H _C]jWere
detected in all samples and n - C ^ in most of them, but these are known 
to be contaminants in organic solvents used during the work-up as 
indicated by blank runs. Normal alkanes a^d were present
in most samples at low concentration. Their high volatility probably 
accounts for loss of these compounds.
Normal alkanes were identified by direct comparison of their abso­
lute retention times with the absolute retention times of the normal 
alkanes included in the standard. GC-MS analysis revealed that some 
overlapping occurs between n-alkanes and other compounds. A charac­
teristic example is the n - C ^  peak, which is partially overlapped by 
pristane and a second component.
25
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BLANK PAGE
Figure 5. Carter Creek aliphatic fraction. Labelled peaks are: 
a) 1, 2, 3, 4-tetramethylbenzene (int. standard), 
bb) 2-methyloctadecane (recovery standard), cc) 3- 
methyloctadecane (recovery standard), 
d) C27-triterpene, e) 17a, 213-norhopane, 
g) 17a, 210-hopane. Numbered peaks are n-paraffins.
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BLANK PAGE
Figure 6 Sarah Creek aliphatic fraction. Labelled peaks are:
a) 1, 2, 3, 4-tetramethylbenzene (int. standard),
c) ii-decylcyclohexane (recovery standard)
d) C27~triterpene, e) 17a, 213-norhopane,
f) hop-17(21)-ene, g) 17a, 218-hopane.
Numbered peaks are n-paraffins.
sSA
MP
LE
 
s 
SD
-1
H 
Sa
ra
h 
Cr
ee
k 
A
l
i
p
h
a
t
i
c
s
 
PL
OT
TI
NG
 
TI
ME
 
=0
 
TO
 
50 
MI
NS
.
30
BLANK PAGE
Figure 7. White House Cove aliphatic fraction. Labelled peaks are:
a) 1, 2, 3, 4-tetramethylbenzene (int. standard),
b) 1, 3, 5-triisopropylbenzene (spike),
c) n-decylcyclohexane (recovery standard)
d) C27~triterpene, e) 17a, 213-norhopane
g) 17a, 213-hopane. Numbered peaks are n-paraffins.
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BLANK PAGE
Figure 8 . Typical aliphatic hydrocarbon GC with a bimodal 
UCM distribution.
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A group of partial1y resolved compounds with KOVATS retention 
idices (RI) (Kovats, 1958) between 2000-2100 are present in all samples. 
Their relative amount with respect to changes from creek to
creek, station to station and some times within stations. They appear 
to be the most abundant compounds in the ran§e
samples taken from Carter Creek. Their amounts are always smaller 
than n-C^^ and usually smaller than f°r The other two creeks.
GC-MS analysis indicates the olefinic nature of these compounds. Two 
of them with retention indices (RI) approximately 2067 and 2082 have 
molecular weight (m.w.) 348. The other with RI approximately 2091 has 
m.w. of 346. Farrington et_ al_., (1977) isolated and investigated two 
of these components by using infra-red spectroscopy, GC with flame 
ionization and flame photometric detectors and mass spectrometry and 
came up to the conclusion that they must be C^^-cycloalkenes. Compa­
rison of the mass spectra obtained here with those by Farrington 
suggests that these compounds might be of similar or identical struc­
tures. Gearing et_ ad^., (1976) also isolated compounds of the same 
group with molecular weights 346, 348, 320, 344 and 350 from sediment 
samples taken from the northeast Gulf of Mexico Shelf. Peaks with 
similar retention indices to those above have been reported for hydro­
carbons from surface sediments in the Middle Atlantic Outer Continen­
tal Shelf (Bieri, 1977), the Scotian Shelf (Keizer et_ aT., 1978), 
Narragansett Bay (Farrington and Quinn, 1973) and Western North Atlantic 
(Farrington and Tripp, 1977). Another olefinic compound elutes at RI 
1691. This is present in all samples but its mass spectrum has a non 
recognizable molecular ion. Elucidation of the structure of these 
olefinic compounds would probably require isolation in larger amount
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by preparative GC followed by hydrogenation, ozonolysis, NMR and MS.
Two other significant peaks, whose identities are not known, were 
found only in samples from Sarah Creek. They elute at RI 2132 and 
2144 and have m.w. of 308. Mass spectra suggest that these compounds 
may be isomers. The concentration of the first compound is sometimes 
three times higher than that of n-C^.
Branched alkanes are minor components in most samples, as the 
GC-MS analysis reveals. Two branched alkanes which also belong to the 
group of isoprenoid alkanes, have been found in all samples. These 
are pristane (2,6,10,14-tetramethylpentadecane), a isoprenoid, and 
phytane (2,6,10,14-tetramethylhexadecane), a C^q isoprenoid. Their 
identification was mainly based on their GC retention times. Pristane
elutes just after n-C and Phytane just after n-Cn0 on SE-52 columns.-  17 -  18
Pristane and n - C ^  were only partially resolved by the chromatographic 
column, probably because of the much higher amount of n_-C and super­
imposition of another compound on the same peak. The mass spectra 
show most of the characteristic fragments of pristane and phytane to 
be present (Ikan and Bortinger, 1971), but their concentration was too 
small to give.good mass spectra.
All GC-MS runs show evidence of pentacyclic triterpanes and tri- 
terpenes. It is likely that all samples contain pentacyclic triter­
panes. Arguments supporting this hypothesis are: the high degree of 
similarity of their chromatographic patterns with those of the GC-MS 
runs; the values of relative retention indices of peaks suspected to 
be triterpanes are very close to those of the actual triterpanes.
Of these pentacyclic aliphatic hydrocarbons, the hopane family is 
of particular interest, because of its possible relation to the
36
presence of petroleum. Hopanes have been identified by several in­
vestigators in petroleum (Hills and Whitehead, 1966; Balogh et al., 
1973), shales (Kimble et_ al_., 1974; Anders and Robinson, 1971; Gallegos, 
1971) and sediments (Bieri eit al_., 1978) . The structure and stereo­
chemistry of hopanes is demonstrated in Appendix C.
In the search for pentacyclic triterpanes the mass chromatogram 
(MC) of the m/e 191 was examined. Their identification was based on 
their mass spectra and relative retention indices (Ensminger, 1974; 
Bieri, 1978; Bieri, 1979 personal communication). The following Table 
3 summarizes the results of some representative samples.
Retention indices for compounds other than normal parafins maybe 
expected to vary from one GC column to another even though columns are 
prepared identically, because interactions of triterpanes with the 
liquid phase is not the same as that of n-alkanes upon which the reten­
tion index system is based. Small differences in film thickness, 
degree of activation or polarity may arise in two otherwise identical 
columns. Retention indices are not very constant in the isothermal 
region of the chromatographic run, where the retention index equation 
is logarithmic and not linear (Bieri, 1979 personal communication).
Not all triterpane isomers and homologues have been found in the 
analyzed samples. The main reasons being: lack of mass spectral and 
retention information due to the lack of authentic standards. Super­
imposition of two or more compounds on the same peak, which makes the 
mass spectrum unintelligible. GC-MS runs were terminated after the 
n-<"32 WaS Higher homologues and diastereomers of the hopane
family are not seen, because of their greater retention time.
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Finally, it is of great interest that one of the primary features 
of the chromatograms of the aliphatic fractions from Sarah Creek and 
White House Cove, is the presence of an unresolved envelope, on which 
the resolved peaks are superimposed (Figure 5). The unresolved complex 
mixture (UCM) decreases in importance in the Carter Creek samples.
This unresolved envelope is thought to be produced by a very complex 
mixture of compounds, mainly cycloparaffins and aromatics and is claimed 
by some to indicate the presence of petroleum (Blumer et_ al_. , 1970) .
Aromatic Fraction - Visual inspection of the chromatograms of the 
aromatic fractions reveals a remarkably constant qualitative pattern for 
the three creeks (Figures 9,10,11). This similarity in composition has 
been found to exist in samples taken on a world wide basis (Laflamme 
and Hites, 1978). There is, however, a large quantitative difference 
between Carter Creek and the other two creeks. Quantitative data is 
presented in the following section.
The identifications of most of the aromatic hydrocarbons reported 
here were based on direct comparison of their absolute retention times 
with the absolute retention times of authentic standards (Appendix B). 
These identifications were also confirmed by GC-MS. Some of the com­
pounds were identified only from their mass spectra followed by corre­
lation of the reconstructed gais-chromatograms and the Flame Ionization 
Detector gas-chromatograms; some from their mass spectra and their 
characteristic chromatographic pattern. Only one compound, 9,10-di- 
phenylanthracene, was identified from its retention time alone.
The following table lists the identification method of the com­
pounds, which are reported in Figures 9,10,11. Aromatic relative
39
BLANK PAGE
Figure 9. Carter Creek aromatic fraction. Labeled peaks are a) 1,
2, 3, 4-tetramethybenzene (int. standard), ^i3' ^14' ^15 
spikes, g) hexamethylbenzene (recovery standard), 
k) dibenzothiophene, 1) phenanthrene, m) anthracene, 
o) 3-methylphenanthrene, p) 2-methylphenantnrene, q) methy­
lene phenanthrene, r) 9-methyl phenanthrene, s) 1-methyl- 
phenanthrene, u) fluoranthene, v) pyrene, w) benzo(a)anthra­
cene, x) chrysene/triphenylene, y) benzo(j)fluoranthene, 
z) benzo(k)fluoranthene, 1) benzo(e)pyrene, 2) benzo (a)- 
pyrene, 3) perylene, 4) 9, 10-diphenylanthracene.
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BLANK PAGE
Figure 10. Sarah Creek aromatic fraction. Labeled peaks are a) 1, 
2, 3, 4-tetramethybenzene (int. standard), b) naphtha­
lene, c) 2-methylnaphthalene, d) 1-methylnaphthalene, 
e) biphenyl, f) 2,6-dimethynaphthalene, g) hexamethyl- 
benzene (recovery standard), h) acenaphthene, i) di- 
benzofuran, j) fluorene, k) dibenzothiophene, 1) phen­
anthrene, m) anthracene, n) methyldibenzothiophene, 
o) 3-methylphenanthrene, p) 2-methylphenanthrene, q) 
methylene phenanthrene, r) 9-methyl phenanthrene, 
s) 1-methylphenanthrene, t) C2~phenanthrene, u) fluoran­
thene, v) pyrene, w) benzo(a)anthracene, x) chrysene/ 
triphenylene, y) benzo(j)fluoranthene, z) benzo(k)- 
fluoranthene, 1) benzo(e)pyrene, 2) benzo(a)pyrene, 3) 
perylene, 4) 9, 10-diphenylanthracene, 5) dibenzo- 
fluoranthene, 6) benzo(ghi)perylene.
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BLANK PAGE
Figure 11. White House Cove aromatic fraction. Labeled peaks are 
a) 1, 2, 3, 4-tetramethybenzene [int. standard), b) 
naphthalene, c) 2-methylnaphthalene, d) 1-methylnaphtha- 
lene, e) biphenyl, f) 2,6-dimethynaphthalene, h) ace- 
naphthene, i) dibenzofuran, j) fluorene, k) dibenzo- 
thiophene, 1) phenanthrene, m) anthracene, n) methyldi- 
benzothiophene, o) 3-methylphenanthrene, p) 2-methyl- 
phenanthrene, q) methylene phenanthrene, r) 9-methyl 
phenanthrene, s) 1-methyl phenanthrene, t) C2-phenan- 
threne, u) fluoranthene, v) pyrene, w) benzo(a)anthracene, 
x) chrysene/triphenylene, y) benzo(j)fluoranthene, z) 
benzo(k)fluoranthene, 1) benzo(e)pyrene, 2) benzo(a)- 
pyrene, 3) perylene, 4) 9, 10-diphenylanthracene, 5) 
dibenzofluoranthene, 6) benzo(ghi)perylene.
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TABLE 4
LIST OF THE IDENTIFIED AROMATIC HYDROCARBONS WITH THEIR AROMATIC 
RELATIVE RETENTION INDEX AND IDENTIFICATION METHOD
Compound
Relative Retention Method of
Index Identification
Naphthalene 100 .0 A
2-Methylnaphthalene 154.8 A
1-Methylnaphthalene 162.0 A
Biphenyl 200.0 A
2,6-Dimethylnaphthalene 205.3 A
C ?-Naphthalenes B
Efhylnaphthalene 214.3 B
Acenaphthene 226.1 A
Dibenzofuran 234.1 B
C.-Naphthalenes
2,3,5-Trimethylnaphthalene
B
247.8 A
Fluorene 251.9 A
Methylfluo renes B
C^-Naphthalenes B
Dibenzothiophene 293.2 A
Phenanthrene 300 .0 A
Anthracene 303.9 A
C^-Fluorenes B
Methyldibenzothiophene 523.3 B
3-Methylphenanthrene 356.2 C
2-Methylphenanthrene 337.1 C
4,5-Methylenephenanthrene 341 .9 C
9-Methylphenanthrene 344.0 C
1-Methylphenanthrene 345.2 C
C-,-Phenanthrenes C
Fluoranthene 386.2 A
Pyrene 400.0 A
C.-Phenanthrene B
Methylpyrenes * B
Methylfluoranthenes * B
Benzofluorenes * B
C^-Phenanthrenes * 
C0-Pyrenes *
B
B
C^-Phenanthrene * B
Benzo[a]anthracene 439.0 A
Chrysene/Triphenylene 440.2 A
Benzo[j]fluoranthene 479.2 C
Benzo[b]fluoranthene 479 . 8 C
Benzo[k]fluoranthene '480.3 C
Benzo[ejpyrene 492.6 A
Benzo [ajpyrene 494.9 A
Perylene 500 .0 A
9,10-Diphenylanthracene 546.1 D
Dibenzofluoranthene 576.8 C
Benzo[ghi]perylene 600.0 A
Key to the table: A - identification based on retention time and mass 
spectrum. B - identification based on mass spectrum only. C - identi­
fication based on mass spectrum plus characteristic pattern. D - iden­
tification based on retention time only. ' * - no peak assignment because 
of lack of retention data.
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retention index is also listed for the completely identified compounds.
The aromatic fractions contain a large number of isomers, which 
belong either to the same ring system (2-methylnaphthalene and 1-methyl- 
naphthalene; ethylnaphthalene and dimethylnaphthalene) or to different 
ring systems (benzofluorenes, methylpyrenes and methylfluoranthenes). In 
some circumstances the mass spectra allow the distinction of different 
isomers. Ethylnaphthalene, for example, has a very strong M-15 fragment, 
besides the molecular ion, whereas dimethylnaphthalene has a much small­
er M-15 than the molecular ion. In most of the cases though, retention 
data in combination with the mass spectra are required for the elucida­
tion of the structure. For instance, fluoranthene and pyrene have 
identical mass spectra but different retention times, which allow them 
to be distinguished.
Table 4 shows that the identified compounds are polycyclic aro­
matic hydrocarbons (PAHs) ranging from two ring (naphthalene) to six 
ring systems (benzo[ghijperylene). The major peaks belong to unsub­
stituted species. C^-,C^-alkyl homologs are the most abundant of the 
substituted species, but the C^-C^-,C^-derivatives (naphthalenes, 
phenanthrenes and probably C^-biphenyls) are also present in samples 
from Sarah Creek and White House Cove.
The gas chromatograms are characterized by a number of poorly 
resolved peaks which are mainly due to substituted PAHs. Some unsub­
stituted species are poorly resolved too: such is the case with peaks 
of benzo[j]fluoranthene, benzo[b]fluoranthene and benzo[k]fluoranthene. 
Chrysene and triphenylene are also superimposed on the same peak.
The unresolved envelope (UCM) is not a characteristic feature for 
most of the aromatic fractions, with the exception of some samples
47
from Sarah Creek, which have a small UCM.
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Quantitative Data
Average concentrations of individual compounds for each station 
are listed in Appendix D. For stations where at least one replicate 
has UCM = 0, the Resolved/Unresolved ratio is not listed. Summary of 
these results is presented in Tables 5 and 6 . Concentrations of com­
pounds of the samples used to determine the analytical error of the
analysis are also presented in Appendix D. Total aliphatic and total 
aromatic hydrocarbon concentrations never include recovery and internal 
standards. All concentrations are expressed as Ug/g of dry sediment.
In order to estimate the analytical error of the method, sediment 
from two creeks was thoroughly mixed by stirring with a large metal 
spoon which was prerinsed with solvent, for 20 min, split in sub-samples 
and analyzed. The results of the analyses are shown in Appendix D.
The standard errors of all measured parameters were less than 10%. The
analytical error as determined in this experiment comprises most of 
the variability measured among sample replicates. This indicates that 
the sampling error is small with respect to the analytical error.
All the data presented in Tables 5 and 6 and Appendix D'have been 
corrected by multiplication, of the original GC data with a correction 
factor based on the recovery of the recovery standards. The recovery 
standards used were n - C ^  for aliphatics and hexamethylbenzene for 
aromatics in Carter Creek samples and n-decylcyclohexane for aliphatics 
and 1,3,5-triisopropylbenzene for aromatics in the rest of the samples. 
Table 7 lists mean percent recoveries and percent standard errors for 
the different spikes used.
TABLE 5
SUMMARY OF SEDIMENT TOTAL ALIPHATIC HYDROCARBON CONCENTRATIONS
Total resolved aliphatic 
hydrocarbon concentration UCM
Total aliphatic 
hydrocarbon concentration
CA
6a 7b ± 7.1° 13b ± 11.5° 21b ± 9.3°
CB
6 4 ± 3.4 7 ± 4.9 10 ± 3.4
SA
3a 15 ± 2.9 72 ± 2.2 87 ± 1.7
SB
3 10 ± 12.6 84 ± 7.7 94 ± 8.2
SC
3 14 ± 3.7 98 ± 4.3 112 ± 3.5
SD
3 10 ± 2.5 69 ± 2.6 79 ± 2.4
SE
3 11 ± 4.2 56 ± 6.5 67 ± 6.0
SF
3 18 ± 18.3 100 ± 18.6 118 ±17.8
PA
3a 13 ± 10.3 71 ± 2.7 84 ± 3.5
PB
3 16 ± 9.4 74 ± 7.5 90 ± 5.8
a : Number of replicates per station 
b : Mean concentration, ug/g, dry weight 
c : % standard error
TABLE 6
SUMMARY OF SEDIMENT TOTAL AROMATIC HYDROCARBON CONCENTRATION
Total resolved aromatic Total aromatic
 hydrocarbon concentration  UCM______ hydrocarbon concentration
CA
6a 2b ± 3.6° 0b ± 0° 2b ± 3.6C
CB
6 3 ± 9.6 0 ± 0  3 ± 9.6
SA
3a 9 ± 3.5 0 ± 0 9 ± 3.5
SB
3 19 ± 3.9 4 ± 50.7 23 ± 11.7
SC
3 32 ± 4.0 7 ± 78.3 38 ± 14.5
SD
3 29 ± 5.8 10 ± 55.1 39 ± 18.5
SE
3 18 ± 1.9 0 ± 0 18 ± 1.9
28 ± 29.7 3 ±100 31 ± 19.7
SF 
3a
PA
3a 7 ± 11.5 0 ± 0 7 ± 11.5
PB
3 12 ± 13.6 0 ± 0 12 ± 13.6
a : Number of replicates per station 
b : Mean concentration, Ug/g, dry weight 
c : standard error
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TABLE 7
MEAN PERCENT RECOVERIES AND PERCENT STANDARD ERRORS 
OF THE RECOVERY STANDARDS USED IN THE ANALYTICAL PROCEDURE
Spike Mean % Recovery % St . Error
—~C32
89 12
n-decylcyclohexane 49 3
hexamethylbenzene 31 4
1,3,5-triisopropylbenzene 28 6
Comparison with values reported in the literature is difficult 
because different investigators used different spikes and different 
analytical procedures. Although these values appear to be small in com­
parison with those reported by Giger and Schaffner (1978), it must be 
kept in mind that the spikes used with the exception of n - C ^  are rela­
tively volatile (eluting before n-C^) . The fact that volatilities 
and recoveries decrease from to 1,3,5-triisopropylbenzene suggests
that volatility is an important factor accounting for the losses during 
the analytical procedure.
Standards were added before extraction to freeze-dried sediments 
and therefore were probably more completely extracted. On the other 
hand, sample components are likely to be tightly bound in the sediment 
and maybe extracted in smaller yields. Thus, the standard more likely 
represents losses during the analysis and not so much the efficiency of 
extraction from sediment.
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There is no perfect recovery standard especially in the case of 
complex and wide molecular weight range environmental mixtures like hy­
drocarbons. Since only one recovery standard for aliphatics and one for 
aromatics had to be used in this work, it was not possible to accurately 
correct for losses of compounds with molecular weights out of a reason­
able range of the molecular weight of the standard.
The correction of hydrocarbon concentrations for recovery of 
standard undoubtedly produces some error. The incomplete extraction 
and the overestimation of sediment hydrocarbons caused by the recovery 
standard correction factor tend to cancel each other's effect.
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Statistical Analysis
One of the objectives of this work was to statistically compare 
the total aliphatic and aromatic hydrocarbon levels in the three creeks. 
The structure of data is creeks, stations within creeks and replicates 
within stations; therefore, nested analysis of variance (ANOVA) was 
used to carry out the above objective (Sokal and Rohlf, 1968). Homo­
geneity of variances, normal distribution and random sampling are the 
basic assumptions, which must be fulfilled to make the nested ANOVA 
valid.
The Kolmogorov-Smirnov test (non parametric) was used to test the 
normality of the data (Sokal and Rohlf, 1968). Data from each station 
were tested and were found to be normally distributed. However, since 
most of the stations had only three replicates, it is unlikely to find 
significance of the test; therefore data from each creek were pooled 
and tested for normality. Again these were found to be normally dis­
tributed .
Cochran’s test was used to test for homogeneity of variances 
(Guenther, 1964). Because this test requires equal sample size for 
each data set, it cannot be applied to all data obtained, since Carter 
Creek stations had different sample size from the stations of the 
other creeks. Variances of data from Sarah Creek and White House Cove 
were found homogeneous for both' aliphatic and aromatic hydrocarbons.
One of the variances from Carter Creek data fell within the range of the 
rest. Thus, nine out of ten variances were found homogeneous and the 
assumption of homogeneity of variances was approximately fulfilled.
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Nested ANOVA was performed on total aliphatic and total aromatic 
hydrocarbon concentrations. The data, for which this analysis was con­
ducted, are contained in Appendix E, Tables El and E2. All the compu­
tations were done according to Sokal and Rohlf (1968). Tables E3 and 
E4 show the ANOVA tables for total aliphatics and total aromatics.
ANOVA indicated significance at both levels A and B (creeks and stations). 
Therefore, an a_ priori multiple comparison was used at the A level 
(means) (W. Roller, personal communication, 1979) and an posteriori 
test, the Student-Newman-Keuls's test (Sokal and Rohlf, 1968; Guenther, 
1964) at the B level (stations), in order to determine which means are 
different and which not. The a priori multiple comparisons and the 
Student-Newman-Keul's tests are contained in Appendix E.
The a_ priori comparison indicated that there is a statistically 
significant difference of the total aliphatic hydrocarbon concentra­
tions between Carter Creek and White House Cove and Carter Creek and 
Sarah Creek, but no difference between Sarah Creek and White House Cove. 
All creeks show statistically significant difference in total aromatic 
hydrocarbon concentration.
The results of the £i posteriori comparison are summarized in Tables 
8 and 9.
TABLE 8
STUDENT-NEWMAN-KEUL's TEST. TOTAL ALIPHATICS
Station*: CB CA SE SD PA SA PB SB SC SF
Rank: 1 2 3 4 5 6 7 8 9 10
TABLE 9
STUDENT-NEWMAN-KEUL's TEST. TOTAL AROMATICS
Station*: CA CB PA SA PB SE SB SF SC SD
Rank : 1 2 3 4 5 6 7 8 9 10
Means having a common underline are not significantly different. 
*The first letter of each station name stands for the name of the 
creek, where the station is located, and the second letter for 
the station in that creek. P stands for White House Cove stations.
DISCUSSION
One of the most difficult tasks in environmental hydrocarbon anal­
ysis is to differentiate among the different origins of hydrocarbons 
present. There are three principal sources of hydrocarbons in the ma­
rine environment: biosynthesis, geochemical processes and anthropogenic 
inputs (Farrington and Tripp, 1977).
Hydrocarbons from these sources can enter the marine environment 
in different ways. Those transported in land runoff are either dissolved 
in the water or adsorbed on particulate matter or sediment. The atmo­
sphere is a potentially significant path for certain pollutants to both 
coastal and open ocean regions. Hydrocarbons are definetely included 
in this group of pollutants (Youngblood and Blumer, 1975). Atmospheric 
particles, gases and aerosols of various origins can be carried by the 
wind hundreds of miles and eventually can enter the aquatic environment. 
Oil spills constitute an additional major input of hydrocarbons. Spills 
result from losses and accidents during the transportation of crude 
oil and petroleum products. Some chronic hydrocarbon inputs result 
from boating activities, oil refineries and discharge of industrial and 
municipal wastes. Finally, some hydrocarbons naturally occur in marine 
waters, produced either by biological activity or natural seeps.
Regardless of the input, hydrocarbons present in the marine en­
vironment are frequently produced by more than one source. The three 
principal sources of hydrocarbons in sediments will be correlated with
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the hydrocarbons identified in this study.
The n-alkanes of the analyzed samples in the range of to
n_-C2  ^ are most likely of marine biological origin. The n - C ^  predomi­
nates and this predominance has been found to exist in some species of 
marine algae (Clark and Blumer, 1967; Blumer et_ al_., 1971; Youngblood 
et al., 1971).
The 23-32 carbon n-alkanes are likely of terrestrial origin, i.e. 
from higher plants and marsh waxes, which enter the creeks with the run­
off (Eglinton and Hamilton, 1963). Normal C , C , C , C predomi-
Zb LI IV o 1
nate and the C P ^ o  32 values> which range between 2.6 and 5.2, are in 
good agreement with this origin (Cooper and Bray, 1963).
The group of alkenes and cycloalkenes at retention index 2000-2200 
are of unknown origin. According to Farrington et_ al_. , (1977) they 
probably are products of diagenesis of biogenic precursors. The 
structures of these precursors will remain unknown until the structures 
of their supposed diagenetic products are elucidated.
Of the non-cyclic isoprenoids, pristane is of marine origin (Blumer 
et al., 1964), but it is present in petroleum too. So, pristane is 
likely to have these two sources in these samples. Phytane on the other 
hand, is not known to be produced by living organisms with the exception 
of some bacteria (Han and Calvin, 1969), but it is present in petroleum.
Of the two unsaturated triterpenoids, hop-17(21)-ene is considered 
to be derived from the biogenic compound diploptene (Ensminger, 1974) . 
The other C^y-triterpene and generally all triterpenes are likely to be 
of biogenic origin, but more work has to be done to support this hypo­
thesis (Bieri, 1978).
Production of hydrocarbons by natural forest and prairie fires and
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subsequent transport into the aquatic environment is considered a geo­
chemical source (Farrington and Tripp, 1977; Youngblood and Blumer, 1975).
Large quantities of polycyclic aromatic hydrocarbons are formed . 
by combustion from these sources and are distributed widely through the 
environment. Recently formed active carbon particles could scavenge 
the aromatic hydrocarbons and protect them from photooxidation during 
extended air transport. Tropospheric mixing could explain the uniformi­
ty of polycyclic aromatic hydrocarbons deposited finally in the sediments 
(Blumer and Youngblood, 1975). Hase and Hites (1976) agreed with the 
hypothesis of the pyrogenic origin of polycyclic aromatic hydrocarbons 
but they suggested that anthropogenic combustion is primary source, not 
the natural forest and prairie fires. Whatever the source, the distri­
bution of higher aromatic hydrocarbons (four rings/molecule or more) in 
these samples suggests pyrogenesis as the possible source for this 
range of aromatics (Youngblood and Blumer, 1975). The molecular weight 
distribution of aromatics is shown in Figures 12,13 and 14. Phenan- 
threnes and naphthalenes follow a different distribution from that of 
higher molecular weight aromatics and this is indicative of another 
source for the lower range of aromatics.
Natural pyrogenesis is the most important of the geochemical 
sources here. Other geochemical sources like oil seeps, early diage­
nesis, ancient sediments are considered absent or negligible. No oil 
seeps, for example, are present in the areas where the sediment samples 
were taken, according to Farrington and Tripp (1977). Early diagenesis 
of organic matter in surface sediments could be a source, but production 
of substantial amounts of hydrocarbons would require increased depth and 
temperature (Hunt, 1975; Hodgson, 1971; Farrington et_ al^., 1977).
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Laflamme and Hites (1978) stated that ill situ chemical aromatization of 
naturally occuring cyclic compounds can produce polycyclic aromatic 
hydrocarbons; though only a few individual compounds can be formed in 
this manner. It is believed that perylene, which is present in these 
samples, can be produced by reduction of quinone pigments in reducing 
sediments, under rapid deposition (Orr and Grandy, 1967; Aizenshtat,
1973; Laflamme and Hites, 1978). A similar case is the formation of 1- 
methyl-7-isopropylphenanthrene (retene) by dehydration of abietic acid, 
which is a major component of pine rosin (Laflamme and Hites, 1978). 
Erosion and transport of ancient sediments could not be a significant 
source here, because it would result to a distribution of polycyclic aro­
matic hydrocarbons similar to that in ancient sediments. Ancient sedi­
ments show predominance of substituted over unsubstituted pyrenes and 
fluoranthenes. But the distribution of these aromatic hydrocarbons is 
not the same for the analyzed samples (see Figures 12,13 and 14).
Hydrocarbons from anthropogenic sources are those which result 
directly or indirectly from man’s activities. Anthropogenic pyrolytic 
sources and oil spills are two characteristic cases associated with our 
modern civilization.
Hydrocarbons from anthropogenic pyrolytic sources derive from com­
bustion of fossil fuels. Because this production takes place at elevated 
temperatures, the formation is characterized by paucity of alkylderiva- 
tives. This means that the unsubstituted aromatic hydrocarbons in air 
particulates are much more abundant than the substituted hydrocarbons. 
This distribution, however, is not exactly the same with that found in 
surface sediments. Because of this difference, Blumer and Youngblood 
(1975) and Youngblood and Blumer (1975) suggested natural forest and
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prairie fires to be the primary source of polycyclic aromatic hydrocarbons 
in surface sediments. In contrast, Hase and Hites (1976), Laflamme and 
Hites (1978) and Hites et al_., (1977) came up to the conclusion that 
polycyclic aromatic hydrocarbons in surface sediments are of anthropo­
genic origin. Regardless of this disagreement, the important fact 
remains that pyrogenesis either natural or anthropogenic is a source of 
polycyclic aromatic hydrocarbons in surface sediments. As it is indi­
cated from Figures 12,13 and 14 and from visual inspection of the 
chromatograms the distribution of alkylhomologs for polycyclic aromatic 
hydrocarbons with four or more rings per molecule for samples from Sarah 
Creek and White House Cove, is similar to that of recent sediments 
(Youngblood and Blumer, 1975; Laflamme and Hites, 1978). This is also 
true for the entire range of aromatics from Carter Creek. The distribu­
tion of lower aromatics (naphthalenes, phenanthrenes) from Sarah Creek 
and White House Cove more closely resembles that of petroleum than that 
of recent sediments. This kind of distribution suggests a pyrolytic 
source as primary source for the aromatic hydrocarbons in the three 
creeks. A second source, petroleum, provides the lower substituted 
aromatics (naphthalenes, phenanthrenes) in sediments from Sarah Creek 
and White House Cove.
There is a possibility that anthropogenic pyrolytic sources con­
tribute to complex mixture of branched and cyclic alkanes (UCM) of the 
aliphatic fractions. Hauser and Pattison (1972) analyzed aliphatic 
fractions of air particulate matter. Their analysis revealed presence 
of UCM and n-alkanes in the C ^ - C ^  range in samples from ambient air 
(both urban and nonurban), particulate matter emanating from the burning 
of coal, gasoline (both raw and irradiated exhaust) and diesel fuel.
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Farrington et a^., (1977) suggested anthropogenic air particulates 
to be the predominant source of UCM of aliphatic fractions in sediment 
cores from Buzzards Bay. It is reasonable that anthropogenic pyrolytic 
sources are a contributor to the UCM of the present samples. It must 
be considered a partial contributor as petroleum is an important source 
of UCM, whose presence cannot be ruled out.
A major highway, U.S. Route 17, is very close to Sarah Creek (ap­
proximately 250 m) . Smaller secondary roads are also present. The same 
area is almost completely occupied by houses. Because of the natural 
topography, runoff from the surrounding area and drainage of Route 17 
enters the creek. Sarah Creek is also influenced by the activity of 
recreational and commercial boats. Three marinas and an oyster company 
are located on the creek.
It is well known that combustion of oil and oil products for trans­
portation and heating purposes produces polycyclic aromatic hydrocarbons. 
Particulate matter formed by the combustion of gasoline and diesel fuel 
in internal combustion engines gives rise to aliphatic fractions with 
50% midpoint at about C24+ ' This means that 50% of the aliphatic frac­
tion (n-alkanes and UCM) is composed of hydrocarbons of 24 carbon atoms 
or less and 50% of more than 24 carbon atoms, even though raw gasoline 
contains more than 95% hydrocarbons with less than 19 carbon atoms 
(Hauser and Pattison, 1973).
In a study of hydrocarbons produced by marine engines (Environ­
mental Control Technology Corporation, Ann Arbor, Michigan and Environ­
mental Science and Engineering Inc., Gainesville, Florida, 1973), it 
was found that the gas phase exhaust hydrocarbons of boats with outboard 
engines resembled the composition of the fuel, with the difference that
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the olefin concentration was greater and paraffin concentration slightly 
less than in the test fuel. Composition of the total condensate exhaust 
was also similar to that of the fuel. No statistically significant (at 
the 95% confidence level) buildup of saturated hydrocarbons was observed 
in the test pond sediments after three years of engine operation. But 
the data collected in this investigation cannot rule out the buildup 
with time of the saturated hydrocarbons in sediments. Substituted 
benzenes and naphthalenes were also detected in the exhaust, but no men­
tion was made about higher m.w. aromatics, as well as UCM. It was stated, 
however, that "the results from testing of the two-cycle outboard engines 
differ significantly from those observed with the conventional four­
cycle engines in that the exhaust hydrocarbons appear to be more closely 
related to the fuel." Boats with outboard engines are present in both 
Sarah Creek and White House Cove but those from marinas have mainly 
conventional four cycle engines.
Thus, combustion of fuels by boats, automobiles and houses influ­
ence Sarah Creek sediments. On the other hand, White House Cove would 
be influenced primarily by the boating activity. Runoff from the sur­
rounding land is not very important due to the topography of the area.
Carter Creek has negligible boating activity and almost no surround­
ing houses. The level of the aromatic hydrocarbons of the sediments 
of this creek is significantly lower than that of the other two creeks 
and is probably due to pyrolytic sources or air particulates transported 
from other areas. The aliphatic hydrocarbons are mainly biogenic.
Oil spills are one of the major anthropogenic sources introducing 
hydrocarbons in the aquatic environment. There are several compositional 
features, which allow the detection of petroleum hydrocarbons and
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differentiation from other sources. These are the following (Reed 
et a]!., 1977):
1. An extended homologous series of n-alkanes, with an odd 
to even ratio of approximately unity, i.e. CPI approxi­
mately equal to 1 (Cooper and Bray, 1963).
2. An homologous series of isoprenoid alkanes (^^3-^2^)^ with 
ratios between adjacent members of approximately equal to
1 (except the ratios including the C isoprenoid, which is 
present in low concentrations).
3. Presence of homologous series of pentacyclic triterpanes 
(Dastillung and Albrecht, 1976).
4. Multiple homologous series of alkyl substituted benzenes
and polycyclic aromatic hydrocarbons with the parent compounds 
less abundant (Youngblood and Blumer, 1975).
5. Petroleum contains numerous naphtheno-aromatics and hetero- 
compounds (S,N,0, metals) not found in organisms.
6 . Presence of an unresolved complex mixture (UCM) in the gas 
chromatogram, due to overlapping and superimposed peaks of 
branched, cyclic alkanes and aromatics (Blumer et_ al_., 1970; 
Farrington and Queen, 1973).
It has already been mentioned that n-alkanes of the analyzed 
samples are of biogenic origin (higher plants and marine sources). 
Presence of n-alkanes from petroleum is possible in small amounts, but 
these cannot be distinguished from the biogenic ones especially in the 
range ^23~^32s ^ecause t i^e high concentration of the biogenic 
alkanes.
The isoprenoids pristane and phytane have been found in all samples.
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Phytane is not considered to be a biogenic compound, with the possible 
exception of production by some specific bacteria (Han and Calvin, 1969). 
Therefore phytane is suggested to be an oil pollution indicator (Blumer 
and Snyder, 1965). Early diagenetic formation of phytane by clay-cata­
lyzed dehydration of the sedimentary phytol, followed by hydrogenation, 
is probably possible, but too slow to generate detectable amounts of phy­
tane in surface sediments (Blumer and Snyder, 1965). The detection of 
phytane probably suggests that samples are slightly contaminated by pe­
troleum, or that phytane originates from other sources as yet unreported. 
The average phytane concentrations are 0.0115, 0.0649 and 0.0808 ug/g 
dry weight for Carter Creek, Sarah Creek and White House Cove respective­
ly. Although the concentrations are not extremely different, they indi­
cate that Carter Creek has the lower petroleum pollution level.
17a,213-norhopane, 17a,213-hopane and 17a,213-homohopane have been 
tentatively identified in the analyzed samples. The importance of these 
compounds is related to the fact, that in most unpolluted recent sedi­
ments and other immature sediments, the thermodynamically less stable 
173,213-hopane series, which is also present in living organisms, is 
predominant, whereas in all ancient mature sediments and crude oils the 
more stable 17a,213-hopane series predominates. In addition, members 
of the series with more than thirty carbon atoms are present as an 1:1 
mixture of the two diastereomers at position 22 in mature sediments 
and crude oils, whereas only one diastereomer is present in immature 
sediments (Dastillung and Albrecht, 1976; Ensminger, 1974; Van Dors- 
selaer et_ al_., 1974) . Some of the hopanes would also be expected to be 
found in refined products which have n-alkanes in the range of ii-C^g to 
11-C30 or higher.
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Pentacyclic triterpanes are biological markers and also can be used 
as "molecular pollution markers" especially in small scale pollutions, 
where pollutants occur in concentrations similar to or lower than the 
indigenous lipids of a sediment (Dastillung and Albrecht, 1976).
To the best of our knowledge, 17a,213-hopanes have not been reported 
in air particulates.
All the samples analyzed by GC/MS have shown evidence of 17a,213- 
hopanes . Although this implies that all creeks are contaminated by 
petroleum, it is only a qualitative assessment. In order to show the 
difference between the creeks, the concentrations of 17a,213-norhopane 
and 17a,213-hopane were calculated by comparing their peak heights with 
the peak heights of anc* — "^31 resPec"t -^ve^y• Table 10 shows their
average concentration for each creek.
TABLE 10
AVERAGE HOPANE CONCENTRATIONS IN EACH CREEK IN Ug/g (DRY WEIGHT)
Creek 17a,213-norhopane 17a,213-hopane
Carter Creek 0.07 0.065
Sarah Creek 0.25 0.42
White House Cove 0.17 0.22
Sarah Creek has the highest concentrations of a,3-hopanes and this 
should be expected, because it has a larger number of boats and a 
larger input from the land. Carter Creek has the lowest concentrations
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which indicate a low degree of petroleum contamination. This oil may 
have migrated from other areas into the creek, possibly from Yorktown 
AMOCO refinery or other facilities located on York River.
Figures 12,13 and 14 compare the molecular weight distribution of 
alkylhomologs of naphthalenes, phenanthrenes-anthracenes and fluo- 
ranthenes-pyrenes for each creek. The distribution of naphthalenes and 
phenanthrenes-anthracenes for Sarah Creek and White House Cove, is 
similar to that of petroleum (Youngblood and Blumer, 1975); i.e., alkyl­
homologs with two or three carbon alkyls predominate over the parent com­
pounds. On the other hand, fluoranthenes-pyrenes and higher aromatics 
follow the distribution of recent sediments and indicate pyrogenic 
origin. However, this is not the case for Carter Creek. Both phen- 
anthrenes-anthracenes and fluoranthenes-pyrenes here follow the distrib­
ution of recent sediments. The distribution of naphthalenes is not 
shown, because some isomers were absent or present in only trace amounts. 
Naphthalenes, anyway, are minor components in recent sediments (Blumer 
and Youngblood, 1975), in comparison with tri-and polycyclic aromatic 
hydrocarbons. The distribution of aromatic hydrocarbons suggests that 
there is a dual source in Sarah Creek and White House Cove. The first 
source, which provides the lower molecular weight aromatics, is petro­
leum. The second source, which provides the higher molecular weight 
aromatics (four rings per molecule or more), is pyrogenesis. Polycyclic 
aromatic hydrocarbons from Carter Creek sediments have a pyrogenic source.
Petroleum may be derived from marina activity. Gasoline or diesel 
fuel used by boats could account for the detected low molecular weight 
aromatics. Another contributing petroleum source for Sarah Creek would 
be runoff from the land, whereas the boating activity would be the more
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important source for White House Cove. The detection of low molecular 
weight aromatics in both Sarah Creek and White House Cove implies that 
marinas have a measurable impact on the hydrocarbons of sediments. Since 
White House Cove does not have appreciable runoff contribution, the ob­
served hydrocarbon distribution must be primarily due to the marina 
activity. This impact is not observed in Carter Creek. The absence of 
boats from there results in an entirely pyrogenic mixture of aromatic 
hydrocarbons. Pyrogenesis is also important for the other two creeks, 
as a second source of polycyclic aromatics. The concentrations of low 
molecular weight aromatic hydrocarbons are much smaller than those of 
high molecular weight. This difference is not due to volatility losses 
because it remains even when it is assumed that the recovery of low 
molecular weight aromatics is three times lower than that of high mole­
cular weight. This suggests that petroleum provides only a small portion 
of the total amount of aromatic hydrocarbons, whereas the pyrolytic 
sources are the main contributor.
The presence of UCM in the aliphatic and some aromatic fractions 
is another characteristic of petroleum pollution. The presence of UCM 
in the aromatic fractions in only some of the replicates from a given 
station is probably due to the patchiness of petroleum in sediments and 
seems to be associated with point sources of petroleum. Indeed, there 
are three marinas close to the stations B,C,D of Sarah Creek, where 
aromatic UCMs were observed.
The UCM of the aliphatic fractions of Sarah Creek and White House
Cove is probably a product of both petroleum and pyrogenic sources.
Some of the envelopes follow a bimodal distribution (Figure 8). The
first hump peaks at n-C Q and most likely is due to a relatively lightl y
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petroleum fraction, such as diesel fuel. If this is true, it is another 
indication of direct incorporation of light petroleum fractions in 
sediments and accordingly shows the impact of the marinas on sediments.
The second hump which has a maximum ranging between and
n~C2y> indicates a heavier oil fraction. Lubricating oil or air partic­
ulates from internal combustion engines are probably sources. Most 
envelopes do not show bimodal distribution but peak between n-C^^ and 
ii-C^y Gasoline and diesel fuel are certainly too light to be the pre­
dominant source of this envelope. Heavier oil products are probable 
sources. Lubricating oils are characterized by unresolved envelopes 
with no or very few resolved peaks (Blumer et_ al^ . , 1970; Garza and 
Muth, 1974). Lubricating oils and weathered oils from runoff are con­
sidered to be the most important source of UCM for Sarah Creek and White 
House Cove. Crude oil spills have been reported in York River which 
also have reached Sarah Creek, approximately 5 years ago. Such spilled 
oil could be another UCM source for Sarah Creek. Direct proof of the 
presence of crude oil is not obvious, since chromatograms from both Sarah 
Creek and White House Cove are similar.
Chromatograms from Carter Creek have a slowly rising base line 
rather than the large UCM of samples from the other two creeks. Thus, 
the contribution of UCM to total aliphatics is small for Carter Creek.
The significance of UCM in each creek is also indicated by the dif­
ferences in the ratio Reso-Yec^  . This is the ratio of resolved peaksUnresolved e
to the unresolved envelope and has been proposed as a measure of oil 
pollution (Farrington and Quinn, 1973). The ratio has been calculated 
and is listed in Appendix D. The same ratio has been plotted for each 
sampling station and is shown in Figures 15 and 16. The range of the
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ratio is presented as a vertical line for each station. The length of 
this line is a measure of the range of the data. The small horizontal 
line between the limits of the range is the median of the data. (Data 
in Figures 17,18,19,20 and 21 are also presented in the same way). It 
is obvious that Carter Creek stations have higher values of the Resolved/ 
Unresolved ratio ('v 0.55), comparing with Sarah Creek (*v 0.15) and White 
House Cove ('v 0.2). (They are higher by a factor of ^ 3.5). This 
suggests much higher petroleum impact on creeks where marinas are pre­
sent .
In addition to the Resolved/Unresolved ratio, other parameters 
were calculated to assess the degree of oil pollution. These are n-C^/ 
Pristane ratio, n-C.. /Phytane ratio, Pristane/Phytane ratio and Carbon
  1 o
Preference Index (CPI). Values of these parameters are listed in 
Appendix D and shown graphically in Figures 17,18,19,20,21,22 and 23.
The n-C ^ /Pristane ratio has been used as a possible indicator of 
petroleum pollution, because of its characteristic value in petroleum.
The ratio is a function of the origin of the oil. Ehrhardt and Blumer 
(1972) reported values of 5.75 ± 0.07 for Kuwait crude oil to 0.81 ±
0.02 for Lagunillas crude oil. Figure 17 shows the large variability 
of the ratio both among stations and replicates at the same stations. 
Several of these values are within the range of petroleum, but efforts 
to correlate the ratio with the status of each creek gave inconsistent 
results. Carter Creek for example gave some of the lower n-C^/pris- 
tane ratios which would mean that it is more likely to be contaminated 
than the other two creeks. The large variability of the ratio is 
partially due to uncertainty in the quantitation because of incomplete 
resolution of and pristane.
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The n-C1 /Phytane ratio has also been used as a possible indicator
—  1 o
of petroleum contamination. Blumer et_ aJ^ , (1973) reported values of 
this ratio for petroleum contaminated sediments in the range of 3.3-3.7, 
and Reed et_ al_. , (1977) in the range of 1.27-1.89 for sediments off 
the Southern California Bight. Values measured here range between 0.6 
and 2.1 and appear to have smaller variability than the n-C^^/Pristane 
values (Figure 18). Interpretation based on the value of the meaning 
of this ratio is not reliable, since ratios for Carter Creek samples are 
exactly within the range for petroleum.
The Pristane/Phytane ratios range between 0.3 and 2.6. Their
variability is larger than that of n-C /Phytane but smaller than that—  lo
of n-C^/Pris tane ratios and again is probably due to the uncertainty 
in the quantitation of pristane. Ehrhard and Blumer (1972) reported 
values from 0.48 ± 0.01 (Kuwait crude) to 1.54 ± 0.06 (Lagunillas crude 
oil). Even though many values here are within the range reported for 
petroleum (see Figure 19), this ratio cannot differentiate the three 
creeks. Indeed most of the values from all three creeks are generally 
within the same range.
Thus, for the reasons stated above, the ratios n-C^/Pristane, 
n-C^g/Phytane and Pristane/Phytane are not accurate indicators of petro­
leum in this study. They are, however, of presumed value in assessing 
the weathering of spilled oil (Blumer et_ al^., 1973).
The carbon preference index, CPI, has been calculated over two 
ranges: — “^20 an(* — "^20 t0 — ~^32 (hooper anc* Bray> 1963). These
values show whether the normal paraffin hydrocarbons are predominantly 
odd-carbon number (CPI > 1). The following formulae were used:
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CPI^q values are plotted in Figures 20 and 22. They range from
2.6 to 5.2 with most of them between 3.3 and 4.6. This range falls 
within that reported by Cooper and Bray (1963) for recent sediments and 
is typical of terrestrial plant detritus. It should be noted that crude 
oil has a CPI = 1 and ancient sediments values between crude oil and
dicates the normal alkanes to be of terrestrial origin does not exclude 
the presence of petroleum. Since petroleum has been detected by other 
means, the typical CPI of petroleum is probably overwhelmed by the 
terrestrial alkanes in the range of n - C - n-C^*
CPI14 2q values are plotted in Figures 21 and 23. They range from 
1.3 and 9.7 and are almost uniformly distributed within this range.
Carter Creek samples have the smaller values ranging between 1.3 and 2.2. 
The great variability of the C P I ^  values probably reflects the vari­
ability of concentrations of the individual compounds of this range. 
Neither carbon preference index is indicative of petroleum. Indeed the 
CPI values closest to unity are from Carter Creek, which is expected to
recent sediments (Cooper and Bray, 1963). The fact that CPI^q ^2
65
4
3
2
0
CA CB SAPA PB SB SC SD SE SF
Stat ion
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have the least input of petroleum hydrocarbons. In addition, they do 
not constitute characteristic parameters of the three creeks, because 
they do not differentiate between them.
Aliphatic and aromatic hydrocarbon concentrations are summarized 
in Table 11 and Figure 24.
TABLE 11
SUMMARY OF HYDROCARBON CONCENTRATIONS*
Mean aliphatic 
concentration
Mean aromatic 
concentration
Aliphatic
range
Aromatic
range
Carter Creek 15 2 10- 26 2- 3
Sarah Creek 93 26 61-145 8-54
White House Cove 87 9 78-100 5-15
Total: 66 16 10-145 2-54
Overall Hydrocarbon Mean: 82 
Overall Hydrocarbon Range: 12-170
*A11 concentrations are given in Ug/g of dry sediment
Table 11 and Figure 24 show that the amounts of aliphatic and 
aromatic hydrocarbons in Carter Creek are significantly lower than the 
amounts of hydrocarbons in the other two creeks.
Aromatic levels at stations CA and CB of Carter Creek were not 
found to be significantly different. This is in agreement with a postu­
lated pyrolytic fallout for polycyclic aromatic hydrocarbons. Aliphatic 
levels were higher for CA than CB. This is probably due to the proximity
85
BLANK PAGE
Figure 24. Distribution of mean total aliphatic, mean total aro­
matic and mean total hydrocarbon concentrations in the 
three creeks. Shaded portions of the bars are mean 
total aromatic hydrocarbon concentrations; unshaded 
portions are mean total aliphatic hydrocarbon concen­
trations; sums of the two portions are mean total 
hydrocarbon concentrations.
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proximity of marsh to CA or to small differences in sediment type be­
tween CA and CB.
No significant difference in the amounts of aliphatic hydrocarbons 
was found between Sarah Creek and White House Cove. The highest total 
concentration was found at the station SC, located close to three mari­
nas. Station SF was unexpectedly high for both aliphatic and aromatics 
and SE was low, while the opposite should happen, because SE is located 
near the oyster company. High levels of SF are probably due to a point 
source from the land side.
Aromatic hydrocarbons were higher for Sarah Creek than White House 
Cove. The largest amounts in Sarah Creek were found in stations SD and 
SC followed by SF and then SB. This correlates well with the proximity 
of marinas' facilities and activities. The same trend was also found 
in the stations of White House Cove, even though no statistically signif­
icant difference was detected.
The very significant point which is established by the quantitative 
results and the statistical analysis is that higher total hydrocarbon 
concentrations are generally associated with places where hydrocarbon 
inputs exist. Thus, Sarah Creek, which has the larger number of marinas, 
has the highest levels of hydrocarbons and Carter Creek the lowest. 
Additionally, stations located close to marinas have generally higher 
levels.
The following Table 12 reviews the characteristic of oil parameters 
for the three creeks. The comparison of these parameters shows that 
there is a difference in sedimentary hydrocarbons between the three 
creeks. The extend of this difference appears to be dependent on the 
magnitude of the hydrocarbon source.
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The concentrations of hydrocarbons measured in this study are com­
parable with hydrocarbon concentrations reported elsewhere. A comparison 
is shown in the following Table 13.
TABLE 13
HYDROCARBON CONCENTRATIONS* IN SEDIMENT 
SAMPLES REPORTED IN THE LITERATURE
Location Reference
Total hydrocarbon 
range
Narragansett Bay Farrington and Quinn, 1973 50-5700**
Narragansett Bay Hurtt and Quinn, 1979 30-500
Southern California 
Bight
Reed et al., 1977 <50-100
Gulf of Mexico Gearing et al., 1976 <11.7**
Middle Atlantic Outer 
Continental Shelf
Smith et al., 1978 <2
Chesapeake Bay Present study 12-170
* All concentrations are given in ug/g 
**Determined microgravimetrically
If some of the individual compounds were compared, the n - C ^  and 
nyC concentrations are generally higher than those reported for 
Buzzards Bay (Farrington et_ al_., 1977) and Strait of Juan de Fuca 
(McLeod et al., 1977). There does not appear to be a distinct dif­
ference in concentration of ii-C^g for the three creeks. n - C ^  is the 
predominant Ti-alkane in the C ^ - C  i region and appears to be more 
abundant in White House Cove followed by Sarah Creek and then by Carter
90
Creek. From the aromatics, phenanthrene, fluoranthene and pyrene con­
centrations from Sarah Creek and White House Cove appear to be rather 
higher than those from Buzzards Bay (Giger and Blumer, 1974) and Juan 
de Fuca (McLeod et_ al_., 1977) .
The unresolved envelope (UCM) concentrations of the aliphatic 
fractions range from 7 to 100 Ug/g and are very similar with the values 
reported by Farrington et al. , (1977) for Buzzards Bay. However, the 
amount of UCM present in a chromatogram is a function of the chromatog­
raphic parameters (Keizer et_ al_. , 1978) and therefore comparison with 
other reported values is of questionable value.
Statistical methods were used to calculate the precision of the 
analyses. The precision of a sample mean can be expressed either as 
standard error (/S2/n , where S2 = variance and n = sample size) or % 
standard error or as confidence limits. Percent standard error was se­
lected as the index of precision (Snedecor and Cochran, 1967; Elliot, 
1971). The percent standard error of means has been calculated here for 
individual compounds, total aliphatics, total aromatics, UCMs and total 
resolved hydrocarbons and is listed in Appendix D. These values rarely 
exceed 10% standard error and most of the times are below 5% for total 
aliphatics, total resolved aliphatics, total resolved aromatics and 
aliphatic UCMs, with the exception of the station SF where standard error 
values were 18% and 30%. The observed difference for this station can 
probably be attributed to peculiar bottom conditions. The bottom is 
covered by oyster shells and it was difficult to take homogeneous sedi­
ment samples as in the rest of the stations. The great variability of 
aromatic UCM concentrations, both among stations and replicates results 
in relatively higher standard errors for both aromatic UCMs and total
aromatics (less than 20% for total aromatics). Individual compounds 
show also a high variability as indicated from the calculated percent 
standard errors (Appendix D). High percent standard errors are usually 
associated with small concentrations, even though this is not the case 
all the times. Because of the great variability, concentrations of 
individual compounds have not been used for statistical comparison 
purposes; instead total aliphatic and total aromatic hydrocarbon concen­
trations have been used.
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Conclusions
Marinas have a measurable impact on the sedimentary hydrocarbons 
in the studied creeks. This impact is demonstrated by several features.
1) Presence of low molecular weight petroleum fractions. The 
amount of these fractions is essentially small with respect 
to the amount of higher molecular weight hydrocarbons.
2) Increased amounts of aliphatic UCM, total aliphatic and total 
aromatic hydrocarbon concentrations with respect to non 
impacted creek sediments.
3) Presence of increased amounts of oil pollution indicators like 
phytane and 17a,213-hopanes with respect to non impacted sedi­
ments .
4) Difference in the distribution of low molecular weight aromatic 
hydrocarbons. The series of naphthalenes and phenanthrenes- 
anthracenes in Sarah Creek and White House Cove follows a 
petroleum like distribution. The same series in Carter Creek
follows a distribution similar to that in recent sediments.
Pyrogenic polycyclic aromatic hydrocarbons are important features 
in all creeks, whether or not impacted by marinas.
Carter Creek appears, by criteria developed in this study, to be
relatively free of petroleum impact. White House Cove and Sarah Creek 
show considerably more evidence of petroleum pollution. The pollution 
of Sarah Creek cannot be attributed exclusively to the marina activities; 
marina activities are the primary source of pollution for White House 
Cove. Since White House Cove and Sarah Creek are not very different and
93
all other inputs except marinas are not as important for White House 
Cove, the influence of marinas on sedimentary hydrocarbons is significant 
and easily detected.
94
APPENDIX A
Laboratory procedure for analysis of 
sediment hydrocarbons
95
LABORATORY PROCEDURE FOR ANALYSIS OF SEDIMENT HYDROCARBONS
Thaw frozen sediments at room temperature
4
Transfer thawed sediments into stainless steel trays and weigh
4
Freeze dry 
4
Spike with recovery standard
 ► Soxhlet extract for 24 hrs with 3:7 toluene-
methanol
4
Decant extract and store
Repeat (once)
Combine extracts 
4
Rotary evaporate to 50 ml 
4
Add equal volume of distilled 0
I
Add equal volume of KOH-MeOH and 
saponify for 4 hrs
I
Test pH (should be in the alkaline region)
4
Add saturated NaCl equal to total saponified 
volume
I
Extract with hexane volume equal to KOH-MeOH 
volume used in saponification 
4
Remove hexane layer and store 
4
Centrifuge emulsion if present 
4
Decant hexane from emulsion and store 
4
Return emulsion to extraction flask 
4
Repeat extraction two times
Sediment
4
dry overnight in 
an oven at 120°C 
4
Desiccate for 3 hrs 
4
Weigh to constant 
weight § record 
4
Discard
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APPENDIX A (continued)
Discard saponified material from last extraction 
Combine hexane extracts
i
Wash with saturated NaCl volume equal to KOH-MeOH volume used 
in saponification
1
Drain aqueous layer including emulsion and store 
1
Collect hexane layer and store
i
Repeat washing up to three times if much emulsion is present
i'
Combine aqueous layers of washes including emulsions 
!■
Extract with hexane volume equal to volume used in initial extractions
I-
Remove hexane layer and store
i
Discard aqueous layers
I"
Combine all above hexane extracts
I
Dry overnight with anhydrous Na?SO.
I
Decant hexane extract and rinse 3 times with hexane
I
Rotary evaporate to 3 ml
Transfer to a 15 ml centrifuge tube 
1
Evaporate under N0 to 1 ml
I 2
Do Dolumn Chromatography
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APPENDIX B 
Standard Hydrocarbon Mixtures
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TABLE B1
Aliphatic Hydrocarbon Standard Mixture
Compound Concentration Ug/g
i -C10 13.1
-'cll 14.5
S.-C13 13.7
— -C14 16.8
— _C15 15.0
H-C16 14.1
~ -C17
13.0
Pristane 11.9
!-C18 12.4
— ”C19 12.7
— -C20 12.8
— “C21
12.5
— _C22
13.5
— "C23
13.5
£-C24 12.8
^ C25
10.4
— "^26
12.5
^-C28
12.9
-'C30 8.77
-'C32 12.4
n-decylcyclohexane 15.0
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TABLE B2
Aromatic Hydrocarbon Standard Mixture
Compound Concentration Ug/g
o-xylene 13.4
Isopropylbenzene 11.8
n-Propylbenzene 10.0
Indan 18.4
1,2,3,4-Tetramethylbenzene 17.9
Naphthalene 12.8
Benzothiophene (Thianaphthene) 11.9
1,3,5-Triethylbenzene 15.0
2-Methylnaphthalene 14.2
1-Methylnaphthalene 19.3
Biphenyl 12.7
2,6-Dimethylnaphthalene 11.6
Acenaphthene 12.8
2,3,5-Trimethylnaphthalene 15.3
Fluorene 11.8
Dibenzothiophene 12.2
Phenanthrene 13.3
Anthracene 13.7
1-Methylphenanthrene 12.3
Fluoranthene 13.4
Pyrene 12.2
2,3-Benzofluorene 12.1
Benz[a]anthracene 8.58
Chrysene 7.92
Benzo[ejpyrene 7.38
Benzo[a]pyrene 8.46
Perylene 8.82
9,10-Diphenylanthracene 11.8
1,3,5-Triisopropylbenzene 15.4
100
BLANK PAGE
Figure B1. Typical blank GC aliphatic run. Labelled peaks are: 
a) 1,2,3,4-tetramethylbenzene (int. standard). 
Numbered peaks correspond to solvent impurities;
!) n-C10, 3)n-C1JL, 4)n-C12.
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BLANK PAGE
Figure B2. Typical blank GC aromatic run. a) 1,2,3,4-tetramethyl- 
benzene (int. standard).
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APPENDIX C
Structure and Stereochemistry of Hopanes
'R
R = H ; E t ; CH 
22 \
CH
(CH2)n CH3
n = 0 - 5
Figure Cl. Structure of hopanes (Bieri et_ al_. , 1978). The H at 
position 17 is cis to the R group at position 21 for 
the 17a,216-series and trans- for the 17a,216-series 
See also Figure C2. R = H for trisnorhopane, R = Et 
for nor-hopane, R = i-Pr for hopane and R = i-Bu for 
homo-hopane.
17\2I
17a, 21/3-Hopane IT>S, 21/3-Hopane 17/3 , 21a-Hopane
Figure C2. Stereochemistry of hopanes (Ensminger, 1974), Configura­
tion of R (=i-Pr) and the rings D and E of the three 
series of hopanes.
APPENDIX D 
Concentrations of Individual Compounds
TABLE D1
Summary of Aliphatic Hydrocarbon Content of Samples Used to 
Determine Analytical Error, in ug/g
Compound Mean ± % Standard Error
i ' C13
0.01 35.2
i - CI4
0.02 20.1
— -C1S
0.1 3.2
"  2.'C16
0.06 4.1
—~C17
0.9 8.3
Pristane 0.03 17.2
1-C18
0.04 19.3
Phytane 0.05 18.1
— -C19 0.06 14.0
— -C20
0.08 21.2
a-c2i 0.2 15.1
— -C22
0.08 20.9
a-c23 0.2 9.9
—-C24 0.07 12.3
— -C25
0.5 9.3
-  C26
0.2 29 .0
n - C 27 0.5 6.3
-  C28
0.2 6. 7
n--CZ9
1.4 5.1
=--C30
0.1 7.5
~ -C31
1.0 8.7
a 'C32
0.2 9.2
Total Resolved Aliphatics 10 12.1
UCM 45 8.3
Total Aliphatic Hydrocarbons 55 7.6
% Recovery 31.8 5.3
Resolved/Unresolved 0.2 16.7
CPI14-20
7.2 13.2
CPI
20-32
4.8 13.7
n-C^/Pris tane 30.4 12.1
n-C^g/Phytane 0.8 8.3
Pristane/Phytane 0.6 25. 5
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TABLE D2
Summary of Aromatic Hydrocarbon Content of Samples
Used to Determine Analytical Error in ug/g
Compound Mean ± % Standard Error
2-Methylnaphthalene 0.02 10.5
1-Methylnaphthalene 0.007 16.4
Biphenyl 0.03 20.9
2,6-Dimethylnaphthalene 0.05 28.6
Acenaphthene 0.009 12.6
2,3,5-Trimethylnaphthalene 0.02 16.7
Fluorene 0.02 26.5
Dibenzothiophene 0.04 10.8
Phenanthrene 0.2 8.4
Anthracene 0.07 8.7
3-Methylphenanthrene 0.2 11.8
2-Methylphenanthrene 0.04 9.2
Methylenephenanthrene 0.07 9.4
9-Methylphenanthrene 0.06 12.8
1-Methylphenanthrene 0.07 13.3
Fluoranthene 0.9 11.5
Pyrene 0.7 11.1
2,3-Benzofluorene 0.1 11.1
Benzo[a]anthracene 0.4 6.8
Chrysene 0.5 9.3
Benzo[e]pyrene 0.3 11.6
Benzo[a]pyrene 0.4 8.5
Perylene 0.1 2.4
9,10-Diphenylanthracene 0.1 13.7
Benzo[ghi]pervlene 0.2 5.3
Total Resolved Aromatics 9 6.8
UCM 0 0
Total Aromatic Hydrocarbons 9 6.8
% Recovery 19 10.7
TABLE D5
Summary of Sediment Aliphatic Hydrocarbon Content. Carter Creek
Compound CA CB
— -C13 0.009 a ± 29.7° 0.0003a ± 98b
- _C14 0.009 25 0.001 60
-~C15 0.03 15.9 0.01 23.2
—-C16 0.02 16.7 0.009 11
— -C17 0.05 21.7 0.02 12.5
Pristane 0.01 19.9 0 .005 10.9
— ”C18 0.02 12.9 0.01 6.7
Phytane 0.01 23.2 0.009 6.8
-~C19 0.03 14.3 0.02 8.3
-'C2 0 0.03 20 0.01 20.3
IL-C2 1 0.2 10.5 0.09 10.2
H - C2 2 0 .09 23. 7 0.05 5.2
n-C, „ —  2o 0.3 7 0.1 16.7
— "<~’24 0.1 3.4 0.08 0
— -C25 0.6 9 0.3 5.6
— ”C26 0.2 10.5 0.1 3.3
— ~C27 0.6 8.2 0.3 7.5
11-^28 0.3 0 0.2 10.5
~ - ’^29 1.6 5.1 0.8
3.9
— ”C30 0.2 12.9 0.2 11.6
— -C31 1 .1
6.5 0.6 5 . 5
n-C52 0.1 12 0.1 9.6
Total Resolved Aliphatics 7 7.1 4 3.4
UCM 13 11.5 7 4.9
Total Aliphatic Hydrocarbons 21 9.5 10 3.4
% Recovery 64 19.8 114 8.2
Resolved/Unresolved 0.6 7 0.5 3.3
CPI14-2 0
1.8 7.4 1.8 7.1
CPI20-32
4.5 5.4 3 .6 7.2
n-C /Pristane 5 .1 19 4.9 23. 3
n-C /Phytane
1 O
1.6 8.3 1.6 1.4
Pristane/Phytane 0.8 11. 8 0.6 10.5
a: Mean concentration, ug/g
b : % Standard Error
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TABLE D4
Summary of Sediment Aliphatic Hydrocarbon Content. White House 
Cove of Poquoson River.
Compound PA PB
— -C13 0.02a ± 18. 3b o.oia ± 37b
— "C14 0.02 28.8 0.02 33. 3
— -C15 0.1 3.3 0.1 37
- _C16 0.06 28.8 0.08 19.1
— -C17 1.0 5.3 1.4 13.9
Pristane 0.08 16.6 0.08 12.5
1-C18 0.07 19.0 0.08 23.2
Phytane 0.07 26.5 0.09 53
— -C19 0.08 17.0 0.1 80
— -C20
0.1 33.3 0.2 16.6
— -^21 0.3 0 0.3 11.1
— ”^22
0.1 4.5 0.2 16.6
^-"C23 0.3 22.2 0.4 25
— -C24 0.2 33.3 0.2 0
*-C2S 0.8 4.2 1.0 8.8
R ~C26 0.2 16.6 0.2 0
-~C27 0.9 9.8 0.8 8.3
-~C28 0.5 6.7 0.5 6.7
— ”^29 2.1 9.6 2.2 5.7
-"C30 0.3 0 0.4 0
— "C31
1.4 4.1 1.7 3.9
- ‘C32
0.2 0 0.3 11.1
Total Resolved Aliphatics 13 10.3 16 9.4
UCM 71 2.7 74 7.5
Total Aliphatic Hydrocarbons 84 5.5 90 5.8
% Recovery 54.7 6.8 33.7 9.4
Resolved/Unresolved 0.2 0 0.3 11.1
CPI14-20
6.7 10.8 8.2 14.4
CPI20-32
4.1 5.9 3.9 5 . 3
n-C Pristane 12.8 15.5 17.5 8.9
n-C.0/Phvtane—  io '
1.1 21.2 0.8 4.2
Pris tane/Phytane 1 .5 35.8 1.1 26.9
a: Mean conentration, ug/g
b : % Standard Error
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TABLE D5
Summary of Sediment Aliphatic Hydrocarbon Content. Sarah Creek
Compound SA SB SC
-'C13
o.oia±33.3b 0.04 a±30b 0 .02a±28.9b
H-C14 0.04 22 0.03 19.2 0.03 44.4
H-C 15 0.08 11 0.1 33. 3 0.1 5.8
1-C 16
0.04 16. 7 0.1 3.3 0.06 25.5
— "C 17
0.4 5.1 0.7 3.7 0.9 6.4
Pristane 0.07 9.5 0.1 0 0.09- 5.8
-"C 18
0.04 0 0.07 12.6 0.07 21 .8
Phytane 0.04 0 0.08 15 0.1 41.8
— -C19 0.05 11.5 0.08 4.2 0.1 37. 1
— _C20
0.08 4.2 0.2 0 0.1 33.3
-'C 21
0.08 11 0.2 16.7 0.3 11.1
— _C22 0.08 8.3 0.1 0 0.2 28.9
— _C23
0.2 0 0.3 0 0.5 6.7
— _C24 0.06 - 9.6 0.1 0 0.2 11 .1
— -C25
0.4 0 0.6 11.1 1.3 9.2
— -C26
0.2 16. 7 0.2 33.3 0.2 16.7
-"C27
0.7 0 0.5 6.7 0.8 12.5
— -C28
0.8 8.3 0.3 11.1 0.5 13.3
— ”C29
2.1 1.0 1.2 5.9 1.7 9.4
— "C30 0.2 33.3 0.2 0 0.3 11.1
- " S i
1.5 11.7 1.2 2.8 1.5 11.1
- _C32 0.3
0 0.2 16.7 0.2 16.7
Total Resolved Aliphatics 15 2.9 10 12.7 14 3.7
UCM 72 2.2 84 7.7 98 4.3
Total Aliphatic Hydrocarbons 87 1. 7 94 8.2 112 3. S
% Recovery 56.6 2.6 56. 2 5.3 49.6 4.8
Resolved/Unresolved 0.2 0 0.1 0 0.1 53.3
CPI14-20
3.7 3.1 3.4 5.2 5.9 19 . 1
CPI20-32
3.3 10. 3 3.7 0.9 3.-9 6.7
n-C ^ /Pristane 5. 5 4.2 5.3 1.7 9.6 13
n-C^g/Phytane 0.9 7.4 0.9 9.8 0.7 14.3
Pristane/Phytane 1.6 9.5 1 . 7 15.7 1.0 31 .8
a: Mean concentration, ug/g
b: % Standard Error
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TABLE D6
Summary of Sediment Aliphatic Hydrocarbon Content. Sarah Creek
Compound SD SE SF
!1-C 13
0.01 a ,c ,b ± j5 .1 0.01
a __ _b 
±3 J . 3 0.02 a ,r ,b ±35.1
i-C14 0.02 . 18.3 0.0 2 0 0.03 19.2
-~C 15 0.08
18.2 0.09 11.1 0.1 0
1-C 16
0.04 36.3 0.03 11.1 0.08 22
0.6 4.8 0.7 1.9 0.7 7.1
Pristane 0.05 17.6 0.07 0 0.1 35.1
—"C18
0.05 23.9 0.05 24 0.06 30.9
Phytane 0.05 17.6 0.04 0 0.07 20.8
-'C 19
0.09 20.6 0.1 0 0.2 37.1
2--C 20
0.2 15.2 0.1 33.3 0.3 11.1
H-C 2i 0.2 0 . 0.1 33.3 0.3 53.3
-"C 22
0.1 14.2 0.1 35.1 0.1 40
- _C23
0.3 11.1 0.3 11.1 0.3 11.1
— -<"24
0.2 15.2 0.2 0 0.2 28.9
— _C25
1.0 8.8 1.0 8.8 0.9 6.4
— -C26
0.2 16.7 0.2 16.7 0.2 0
- “C 27
0.6 4.8 0.7 4.8 0.9 9.8
— ~C28
0.4 11.1 0.4 0 0.6 22. 2
— ~^29
1.4 2.7 1.6 1.9 2.3 11.5
— -C30
0.2 15.2 0.2 11.1 0.3 19. 2
H-C3i 1.0 8.8 1.4 6.3 1.7 13.7
n-C,_
—  j 2
0.1 0 0.2 16.7 0.2 28.9
Total Resolved Aliphatics 10 2.5 11 4.2 18 18.3
UCM 69 2.6 56 6. 5 100 18.6
Total Aliphatic Hydrocarbons 79 2.4 67 6.0 118 17.8
% Recovery 44 2.4 51 1.9 51 4.3
Resolved/Unresolved 0.2 15.2 0.2 0 0.2 16.7
CPI14-20
5.9 14.2 6.5 8.5 4.6 16
CPI20-32 4.2 1.6 4 2.9 5.9
7.4
n-C^/Pristane 12.7 13.2 9.9 2.2 6.6 14
n-C /Phytane 
—  10
0.9 6.4 1.1 21.2 1 10
Pristane/Phytane 1.0 3.3 1.6 3. 6 1.9 15.5
a: Mean concentration, ug/g 
b: % Standard Error
^  LIBRARY X  
of the 
VIRGINIA INSTITUTE
of /,
M ARINE SCIENCE yfr
\
114
TABLE D7
Summary of Sediment Aromatic Hydrocarbon Content. Carter Creek
Compound CA CB
2-Methylnaphthalene 0 .004a± 19.lb '0.002a ± 3Sb
1-Methylnaphthalene - -
Biphenyl 0.0008 50.2 0.001 95
2,6-Dimethylnaphthalene - -
Acenaphthene - 0.0002 58
2,3,5-Trimethylnaphthalene 0.001 5 2 0.0008 39
Fluorene 0.005 13 0.003 20
Dibenzothiophene 0.004 33 0.002 15
Phenanthrene 0.03 6.4 0.03 8.8
•Anthracene 0.009 6.2 0.02 22
3-Methylphenanthrene 0.02 25 0.01 35
2-Methylphenanthrene 0.01 4.8 0.01 20
Methylenephenanthrene 0.007 13 0.009 4.2
9-Methylphenanthrene 0.008 8.4 0.009 26
1-Methylphenanthrene 0.009 6.2 0.009 8.6
Fluoranthene 0.1 0 0.2 10
Pyrene 0.09 4.8 0.1 13
2,3-Benzofluorene 0.03 7 0.04 7.7
Benzo[a]anthracene 0.1 10.78 0.1 10.5
Chrysene .0.08 6 0.1 30
Benzo[e]pyrene 0.1 7.2 0.2 17
Benzo[a]pyrene 0.07 6.4 0.1 23
Perylene 0.2 11 0.2 11
9,10-Diphenylanthracene 0.08 12 0.09 14
Benzo[gh i]perylene 0 .05 11 0.08 12
Total Resolved Aromatics 2 3.6 3 9.6
UCM 0 0 0 0
Total Aromatic Hydrocarbons 2 3.6 3 9.6
% Recovery 28 .5.1 32
a: Mean concentration, ug/g
b: % Standard Error
TABLE D8
Summary of Sediment Aromatic Hydrocarbon Content. 
White House Cove of Poquoson River
Compound PA PB
2-Methylnaphthalene 0.006;a ± 20b 0.02a ± 17°
1-Methylnaphthalene 0.003 2.9 0.005 0
Biphenyl 0.02 18 0.006 29
2,6-Dimethylnaphthalene 0.007 22 0.007 13
Acenaphthene 0.005 29 0.02 17
2,5,5-Trimethylnaphthalene 0.02 10 0.008 23
Fluorene 0.02 15 0.01 47
Dibenzothiophene 0.05 29 0.03 4.4
Phenanthrene 0.1 19.4 0.2 18.7
.Anthracene 0.04 14 0.05 13
3-Methylphenanthrene 0.08 15 0.09 17
2-Methylphenanthrene 0.03 40 0.05 24
Methylenephenanthrene 0.05 18 0.07 16
9-Methylphenanthrene 0.05 24 0.07 25
1-Methylphenanthrene 0.04 22- 0.05 20
Fluoranthene 0.6 15 0.8 18
Pyrene 0.5 12 0.6 15
2,3-Benzofluorene 0.08 21 0.1 37
Benzo[a]anthracene 0.3 10.4 0.4 11.4
Chrysene 0.4 8.0 0.7 8.2
Benzo[e]pyrene 0.3 11 0.4 8.3
Benzo[a]pvrene 0.3 11 0.5 6.7
Perylene 0.1 35 0.2 17
9,10-Diphenylanthracene 0 . 2 27 0.3 29
Benzo[ghi]perylene 0.2 0 0.4 8.3
Total Resolved Aromatics 7 11.5 12 13.6
UCM 0 0 0 0
Total Aromatic Hydrocarbons 7 11.5 12 13.6
% Recovery 31 15 15 25
a: Mean concentration, ug/g
b: % Standard Error
TABLE D9
Summary of Sediment Aromatic Hydrocarbon Content. Sarah Creek
Compound SA SB SC
2-Methylnaphthalene 0 .01ai: 3,.3 0 . 02a±17> 0..03a:±lll
)
1-Methylnaphthalene 0 .005 6..7 0 .006 9 .6 0..008 7 .2
Biphenyl 0,.02 17 0,.03 19 0.. 1 0
2,6-Dimethylnaphthalene 0 .07 8.. 2 0 .01 78 0..03 51
Acenaphthene 0,.004 16 0 .01 3,.3 0 .008 7 .2
2,5,5-Trimethylnaphthalene 0 .02 1..7 0 .02 17 0 .02 17
Fluorene 0,.02 3.,3 0 .06 31 0,,06 5..6
Dibenzothiophene 0..03 11 0 .06 15 0,.07 4 .8
Phenanthrene 0,.09 6..4 0 .4 34,i 2 0,,3 5.,3
Anthracene 0..06 S..6 0..2 33 0,. 1 3,. 3
3-Methylphenanthrene 0._ 2 17 0..1 35 0,. 3 55
2-Methylphenanthrene 0..03 11 0..08 11 0..1 3..3
Methylenephenanthrene 0,.05 6.,7 0., 1 0 0.. 1 0
9-Methylphenanthrene 0..07 4..8 0,.08 14 0., 2 17
1-Methylphenanthrene 0.,03 0 0,,07 14 0., 1 6,.7
Fluoranthene 0.,6 0 1 . 6 5.,5 2 .,3 5
Pyrene 0.,5 0 1..4 7.,1 1..9 3
2,3-Benzofluorene 0..06 0 0..2 0 0. 3 11
Benzo[a]anthracene 0., 3 5. 7 0..8 3. 9 1, 4 4 .,8
Chrysene 0.,4 8. 3 1..2 2. 8 2 _3 5. 2
Benzo[e]pyrene 0.. 3 11 0,, 7 4 .8 1. 8 1.,9
Benzo[a]pyrene 0.,4 8.. 3 0., 7 8. 2 1.,8 4.,9
Perylene 0.,1 0 0,, 3 0 0. 9 3.,7
9,10-Diphenylanthracene 0. 2 17 1. 4 36
Benzo[ghi]perylene 0. 3 0 0. 4 17 1. 1 17
Total Resolved Aromatics 9 3. 5 19 3. 9 52 4. 0
UCM 0 0 4 50. 7 7 78. 5
Total Aromatic Hydrocarbons 9 3. 5 23 11. 7 38 14. 5
% Recovery 36 4. 9 40 6 25 5 .8
a: Mean concentration, Ug/g 
b: % Standard Error
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TABLE DIO
Summary of Sediment Aromatic Hydrocarbon Content. Sarah Creek
Compound SD SE SF
2-Methylnaphthalene 0.02a:±17b 0.02ai:17b o.oia±37b
1
1-Methylnaphthalene 0.008 23 0.008 11 0.007 25
Biphenyl O.OS 20 0.1 38 0.08 39
2,6-Dimethylnaphthalene 0.04 14 0.02 29 0.04 42
Acenaphthene 0.009 6.4 0.009 7 0.009 13
2,3,5-Trimethylnaphthalene 0.02 17 0.007 29 0.02 17
Fluorene 0.06 15 0.03 40 0.04 14
Dibenzothiophene 0.04 52 0.04 14 0.06 0
Phenanthrene 0.2 29.2 0.2 5.9 0.3 18. 9
Anthracene 0.08 15 0.07 4.8 0.1 40
5-Methylphenanthrene 0.2 67 0.1 3 . 3 0.3 29
2-Methylphenanthrene 0.1 6.7 0.06 9.6 0.1 6. 7
Methylenephenanthrene 0.1 3.3 0.08 4.2 0.1 37
9-Methylphenanthrene 0.1 3.5 0.07 4.8 0.1 35
1-Methylphenanthrene 0.09 11 0.06 9.6 0.09 13
Fluoranthene 1.8 8 . i 1.2 2.8 2.0 33
Pyrene 1.7 9 1.0 5.8 1.6 34
2,5-Benzofluorene 0.3 11 0.2 0 0.2 44
Benzo[a]anthracene 1.3 7.2 0.8 11.3 1.2 39. 4
Chrysene 2.0 5 1.3 14 2.4 40
Benzo[ejpyrene 1.7 10 0.9 28 1.5 43
Benzo[a]pyrene 1.8 11 1.1 24 2.1 50
Perylene 0.8 11 0.6 17 1 . 1 64
9,10-Dipenylanthracene 1 . 1 29 0.4 50 0.7 98
Benzo[ghij perylene 1.3 7.7 1.0 26 1. 2 41
Total Resolved Aromatics 29 5.8 18 1.9 28 29. 7
UCM 10 55. 1 0 0 5 100
Total Aromatic Hydrocarbons 39 18.5 18 1.9 31 19. 7
% Recovery 
Resolved/Unresolved
22
8
5.5
65
32 4.8 27 11
a: Mean concentration, ug/g
b: % Standard Error
APPENDIX E 
Statistical Analys
To
ta
l 
Al
ip
ha
ti
c 
Hy
dr
oc
ar
bo
n 
Co
nc
en
tr
at
io
ns
 
fo
r 
Wh
ic
h 
th
e 
Tw
o 
Ti
er
 
Ne
st
ed
 
AN
OV
A
wi
th
 
Un
eq
ua
l 
Sa
mp
le
 
Si
ze
 
Wa
s 
Pe
rf
or
me
d
119
•i—> •H
•1— > r-H Cn r-p lO CM
• H w li • • • •
e pV; LO cn t''- CO
CO i—H LO r"»
• H pH LO lO to
w n pH CM
•I— i
■d- d - CM LO Cn LO CM LO
X • • • • • • • • •
•I—1 rH to CM o CT> cn CM d - 00 C7> CM
•H  W  II CM vO LO vO LO OO to to cn LO
C rH CM CM CM CM to CM rH to
m
<D
+->
cd
o
• rH
pH
<D
QC
lO
cd4-J
CO
CD
CD
U
CJ
vO vD
CO LO
oo o
C"- C^  
LO O
O  LO
lo cn
U  CD 
CD CD -M ?H 
?H CJ 
cd 
CJ
lO CO
to to to CO to to to
CD
>
o
CJ
CD
LO
CD 3  
+-> O •H X
pC
cd
P^
CD
CD
U
Pi CJ 
cd 
CO
to
o r^- to CM lO O l CM LO to
to • • • • • • • • •
d " cn to lo 00 OO LO vO d LO
CM oo oo OO 00 rH r-'p lO d "
«-H i—H
O CM d - lO LO lO OO r^ p iH LO
CM • • • • . » • • » •
lO CM oo CM ["> d - d " CM d " LO
CM rH r^ p 00 OO 00 pH 00 r- . X
tH
C''- LO vO cn LO LO CM oo r^ >
rH • • # • • • • •
to CO OO CO to cn to cn o o
CM oo cn OO o o r ^ LO to
i-H H rH
c
o
•H
+-> < CQ < ■CQ < CQ CJ Q in Cl-,
120
CMUJ
£UJJ
CQ
<H
<>O2
<
<D 
+-> tr> 
CD
fn
CD
• r H
E-*
O
S
<v
X
o
•pH
p
o
mh
to
Po•I—)+j
cd
fn-p
P
CD
O
po
c j
po
X
fH
cd
O
O
Fh
TO
X
2
o
cd
s.o
fn
<
cd
+->
o
H
T3
CDsfHo
<+HfH
0)
a.
to
cd
cdM
• r H
CO
0
rH
P.s
cd
CO
cd
3cr
CD
pZD
x
+-»
■ r - i
• r H
X•1—I I—I•H W  I
P  X
•h  pq ii
X
•H w  II 
P  X
M O
to
CD
+->
cd
o
• r H
rH
P,
CD
at
LO
to
Po
•H
+->
cd
+->
CO
x
CD
CD
f-c
CJ
MO O O
CO M0
LO
CM lo
MO MO to to
CO cn CO CM
CM M- o LO
rH r~H CM to
o to
CM CM
CO MO
CM rH
o H
CM CO
o o rH o
• • • •
CM CM oo cn
r~- cn CO LO
rH CM M0 rH
i—H
I—1 0 0 •*& M0
CM CM LO
rH
C Q
f-i <D 
CD CD 
+-> fH 
fH CJ 
cd 
CJ
C Q
CD
>
O
CJ
<D
CO
CD 3 
4-> O 
•h aa
X
CD
X  <D 
cd fn 
fH CJ 
cd 
CO
r~'-
cn
LO
LO
t o t o CO CO t o t o
cn o rH CO M" r-~
• • • • • •
LO cn LO oo CO
CM MO rH
rH
rH
rH
LO cn
LO MO M"
• • • • « •
0 0 M0
CM 4
8 LO
to
OO
rH CM
CM cn MO rH LO
• • • • • •
cn M"
CM
MO
to
CO
LO
rH
CM
to
'3-
CM ■'cf CM MO
e • • • • •
OO
rH
cn
CM 2
9
rH
LO
CM
< CQ CJ a UJ Uh
121
TABLE E3
ANOVA Table for Total Aliphatic Concentrations
Source of 
Variation df SS MS F
A (Creeks) 2 45942.6 22971.3 169.5***
(highly- significant)
B/A (Stations) 5995.7 856.5 6.322*
(significant)
Error 26 3522.6 135.5
Total 35 55460.9
Critical Values: F (2,26) = 3.37
F 9^5 (7,26) = 2.39
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TABLE E4
ANOVA Table for Total Aromatic Concentrations
Source of 
Variation df SS MS F
A (Creeks) 2 4503.3 2251.7 70.959*** 
(highly significant)
B/A (Stations) 2230.1 318.6 10.040*
(significant)
Error 26 825.0 31.7
Total 35 7558.5
Critical Values: F (2,26) = 3.37
F >95 (7,26) = 2.39
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A priori COMPARISONS 
A priori comparison of the total aliphatic hydrocarbon levels in the
three creeks.
Total aliphatic concentrations were arranged, so that the stations 
to be used as treatments in one way-ANOVA
STATION CA, CB , PA, PB , SA, SB, SC, SD, SE, SF 
Mean X 15.492 86.619 92.646
The following computations are based on Table El:
SS (for the data treated as one way-ANOVA) =
n .
r j ?
r nj ? (.2 .2 X. .)
= .2, .2 X . . -..3. -1—  1 -^ = 211913.23 - 156452.29 = 55460.943=1 i=l ij r
.2-n.
3 = 1  3
(where r = number of treatments or stations, n_. = number of replicates 
per station).
SS (for the data treated as one way-ANOVA)
n . n .
I {'i=lXij') CjSl i = lXij^ _ (123.488)2 (352.749)2
j=l n. r 6 + *‘* + 3
3 .2.n.
3 = 1  3
-  C2373^43)2 = 51938>3 
5o
SS (for the data treated as one way-ANOVA) =
error
= SS - SS = 3522.64 and MS = II = = 135.486
tot trt error df 26
126
a. White House Cove vs Sarah Creek
„  _ (2S0.438+269.274)2 (259.578+...+352.749) (2187.334)2 _
bb - g —  + 18 24 10.5.40
..c SS 163.46MS = -t-e  = --- =  = 163.46
dr 1
P = W e '*V6~z~ = 1-206 Non significant (Critical value: F (1,26) =4.23)JL # t o o  «y o
b . Carter Creek vs White House Cove
SS = (123-488+62.421)2 + (250.438+269.274)2 _ (705.621)2 = 20235 773 
12 6 18
SS 20235.773MS = ;----- = 20235.773dr 1
20235 773
P = -itc o^z:" = 149.357*** Highly significant13b.486
(Critical value: F (1,26) = 4.23)
. y o
c . Carter Creek vs Sarah Creek
00 _ (123.488+62.421)2 (259.578+...+352.749)2 (1853.53)2 _ „noro
SS - 12 + lg 3Q - 4Z8by.uis
MS = = 42859.013dr
42859 013
F = ■ - - ‘ gg = 316.335*** Highly significant
Conclusion: There is a significant difference of the total aliphatic
hydrocarbon concentrations between Carter Creek and White House Cove and
Carter Creek and Sarah Creek, but no difference between Sarah Creek and 
White House Cove.
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A priori comparison of the total aromatic hydrocarbon levels in the 
three creeks.
STATION CA, CB , PA, PB , SA, SB, SC, SD, SE, SF 
Mean X 2.279 9.268 26.487
The following computations are based on Table E2:
SS (for the data treated as one way-ANOVA) =
n .
T J ?
* nJ o C-?i 0
= .2 .2.X. . - j-i- -1. -1— 1] = 7558.463
j=l 1=1 ij r
.2_n.
1 =  1 1
SS ^ (for the data treated as one way-ANOVA)
n . n .
r (.S^X..)2 (.S .2^X. .)2
= .S -1 1] - J 1 = 6733.434
1=1 n. r
J . S n .
1=1 }
SS (for the data treated as one way-ANOVA)=error v J J
= SS^ - SS^ = 825.029 
tot trt
825.029 ^
MS = — ----  = 31.732error 26
a. White House Cove vs Sarah Creek
cc, _ (20.395+35. 216)2 . (25.986+. . . +93. 792) 2 (532.373)2 _ , 00bb 6 + lg 24
SS
MS = ^  = 1334.22 
d±
128
1334 22
F = —  — = 42.047** Highly significant
(Critical value: F (1,26) = 4.23)
• y ^
b. Carter Creek vs White House Cove
cc (1 2 .3 7 2 + 1 4 .9 7 3 ) 2 ( 2 0 . 3 9 5 + 3 5 .2 1 6 ) 2 ( 8 2 . 9 S 6 ) 2 1ncss =  u -------  +  g------------  -  18 = 195.426
MS = = 195.426dr
F = '732 = 6 -159* significant
Conclusion: There is a significant difference of the total aromatic 
hydrocarbon concentrations between all three creeks.
REFERENCES
Aizenshtat, Z. Perylene and its Geochemical Significance. Geochim. 
Cosmochim. Acta, 37, 559-567 (1973).
Anders, D. E. and W. E. Robinson. Cycloalkane Constituents of the 
Bitumen from Green River Shale. Geochim. Cosmochim. Acta, 35, 
661-678 (1971).
Axelrad, D. ''Nutrient Flux through the Salt Marsh Ecosystem of Carter 
Creek." Ph.D. Dissertation, The College of William and Mary in 
Virginia (1974).
Balogh, B., D. M. Wilson, P. Christiansen and A. L. Burlingame, 17a(H)- 
Hopane, Identified in Oil Shale of the Green River Formation 
(Eocene) by Carbon-13 NMR. Nature, 242, 603-606 (1973).
Bieri, R. H. Compound Verification and Identification, ch. 9, section 
II, in "Middle Atlantic outer continental shelf environmental 
studies,” volume II-B, Chemical and biological benchmark studies. 
Conducted by the Virginia Institute of Marine Science, Gloucester 
Point, VA, under contract number 08550-CT-5-42 with the Bureau 
of Land Management, U.S. Department of Interior (1977).
Bieri, R. H. and M. Kent Cueman. Compound Verification and Identif­
ication, ch. 14, section II, in "Middle Atlantic outer continental 
shelf environmental studies," volume II-D, Chemical and biological 
benchmark studies. Conducted by the Virginia Institute of Marine 
Science, Gloucester Point, VA, under contract number AA550-CT6-62 
with the Bureau of Land Management, U.S. Department of Interior 
(1979) .
v/ Bieri, R. H., M. K. Cueman, C. L. Smith and C. W. Su. Polynuclear
Aromatic and Polycyclic Aliphatic Hydrocarbons in Sediments from 
the Atlantic Outer Continental Shelf. Intern. J. Environ. Anal. 
Chem. , 5_, 293-310 (1978).
Bieri, R. H. Virginia Institute of Marine Science, Gloucester Point, 
VA. Personal Communication, July 1979.
Blumer, M., M. M. Mullin and D. W. Thomas. Pristane in the Marine 
Environment. Helgol. Wiss. Meeresunters. 10187-201 (1964).
Blumer, M. and W. D. Snyder. Isoprenoid Hydrocarbons in Recent Sedi­
ments: Presence of Pristane and Probable Absence of Phytane, 
Science, 150, 1588-1589 (1965).
129
130
Blumer, M., J. Sass, G. Souza, H. Sanders, F. Grassle and G. Hampson.
The West Falmouth Oil Spill. Woods Hole Oceanographic Institution, 
Reference no. 70-44 (1970). (Unpublished manuscript).
Blumer, M., G. Souza and J. Sass. Hydrocarbon Pollution of Edible 
Shellfish by an Oil Spill. Mar. Biol., 5^ 195-202 (1970).
Blumer, M., R. R. L. Guillard and T. Chase. Hydrocarbons of Marine 
Phytoplankton. Mar. Biol., 8_, 183-189 (1971).
Blumer, M. and J. Sass. Indigenous and Petroleum-derived Hydrocarbons 
in a Polluted Sediment. Mar. Pollut. Bull., 3_, no. 6, 92-93 (1972).
Blumer, M., M. Ehrhardt and J. H. Jones. The Environmental Fate of 
Stranded Crude Oil. Deep-Sea Res., 20, 239-259 (1973).
Blumer, M. and W. W. Youngblood. Polycyclic Aromatic Hydrocarbons in 
Soils and Recent Sediments. Science, 188, 53-55 (1975).
Borneff, J., F. Selenka, H. Kunte and A. Maximos. Experimental Studies 
on the Formation of Polycyclic Aromatic Hydrocarbons in Plants. 
Environ. Res. , 2_, 22-29 (1968) .
Brisou, J. Benzo[a]pyrene Biosynthesis and Anaerobiosis. Compt. Rend. 
Soc. Biol. 163, 772-774; Chem. Abstr., 72, 108079.
Calder, D. R. Strobilation of the Sea Nettle Chrysaora quinquecirrha, 
under Field Conditions. Biol. Bull., 146, 326-334 (1974).
Clark, R. C. Jr. and M. Blumer. Distribution of n-Paraffins in Marine 
Organisms and Sediment. Limnol. Oceanogr. 12, 79-87 (1967).
Cooper, J. E. and E. E. Bray. A Postulated Role of Fatty Acids in
Petroleum Formation. Geochim. Cosmochim. Acta, 27, 1113-1127 (1963).
Dastillung, M. and P. Albrecht. Molecular Test for Oil Pollution in 
Surface Sediments. Mar. Pollut. Bull., 7_, no. 1, 13-15 (1976).
Eglinton, G. and R. J. Hamilton. The Distribution of Alkanes, in
'’Chemical Plant Taxonomy," T. Swain (ed.), Academic Press, New York 
(1963).
Ehrhardt, M. and M. Blumer. The Source Identification of Marine
Hydrocarbons by Gas-Chromatography. Environ. Pollut., 3, 179-194 
(1972).
Eisma, E. and J. W. Jurg. Fundamental Aspects of the Generation of
Petroleum, "in Organic Geochemistry," G. Eglinton, M. T. J. Murphy 
(ed.) Springer-Verlag, New York (1969).
Elliot, J. M. "Some Methods for the Statistical Analysis of Samples of 
Bentic Invertebrates." Freshwater Biological Association, Scientific 
Publication, No. 25 (1971).
131
Ensminger, A. "Triterpenoides du Schiste de Messel.” Ph.D. Disserta­
tion, University Louis Pasteur de Strasbourg, France (1974).
Environmental Control Technology Corporation, Ann Arbor, Michigan and 
Environmental Science and Engineering Inc., Gainesville, Florida. 
’’Analysis of Pollution from Marine Engines and Effects on Environ­
ment.” Summary report to U.S. E.P.A., Grant No. R-801799, Program 
Element No. 1BB038 (1973).
Farrington, J. W. and J. G. Quinn. Petroleum Hydrocarbons in Narra- 
gansett Bay. I. Survey of Hydrocarbons in Sediments and Clams. 
Estuarine Coastal Mar. Sci., 1_, 71-79 (1973) .
Farrington, J. W. and P. A. Meyer. Hydrocarbons in the Marine Environ­
ment. ’’Environmental Organic Chemistry of Oceans, Fjords and 
Anoxic Basins.” G. Eglinton (ed.), vol. 1, ch. 5, special report, 
No. 35, Environmental Chemistry, The Chemical Society, United 
Kingdom (1976).
Farrington, J. W., N. M. Frew, P. M. Gschwend and B. W. Tripp. Hydro­
carbons in Cores of Northwestern Atlantic Coastal and Continental 
Margin Sediments. Estuarine Coastal Mar. Sci., 5_, 793-808 (1977).
v/Farrington, J. W. and B. W. Tripp. Hydrocarbons in Western North
Atlantic Surface Sediments. Geochim. Cosmochim. Acta, 41, 1627- 
1641 (1977).
Gallegos, J. Identification of New Steranes, Terpanes and Branched
Paraffins in Green River Shale by Combined Capillary Gas Chromato­
graphy and Mass Spectrometry. Anal. Chem., 43, 1151-1160 (1971).
Garza, M. E., Jr. and J. Muth. Characterization of Crude, Semirefined 
and Refined Oils by Gas-Liquid Chromatography. Environ. Sci.
Techno 1., 8_, 249-255 (1974).
Gearing, P., J. Newman Gearing, T. F. Lytle and J. Sever Lytle.
Hydrocarbons in 60 Northeast Gulf of Mexico Shelf Sediments: a 
Preliminary Survey. Geochim. Cosmochim. Acta, 40, 1005-1017 (1976).
Giger, W. and M. Blumer. Polycyclic Aromatic Hydrocarbons in the 
Environment: Isolation and Characterization by Chromatography, 
Visible, Ultraviolet and Mass-Spectrometry. Anal. Chem., 46, 
1663-1671 (1974).
Giger, W. and C. Schaffner. Determination of Polycyclic Aromatic Hydro­
carbons in the Environment by Glass Capillary Gas Chromatography 
Anal. Chem., 50, 243-249 (1978).
Grob, K., Jr. and K. Grob. Are we using the Full Range of Film Thick­
ness in Capillary-GLC? Chromatographia, 10, 250-255 (1977).
Grob, K., G. Grob and K. Grob, Jr. The Barium Carbonate Procedure for 
the Preparation of Glass Capillary Columns; Further Informations and 
Developments. Chromatographia, 10, 181-187 (1977).
132
Grob, K. and K. Grob, Jr. Splitless Injection and the Solvent Effect.
J. High Resolut. Chromatogr. Chromatogr. Commun. , 1_, 57-64 (1978) .
Guenther, W. C. ’’Analysis of Variance.” Prentice Hall, Inc., Engle­
wood Cliffs, N.J. (1964).
Han, J. and M. Calvin. Hydrocarbon Distribution of Algae and Bacteria 
and Microbiological Activity in Sediments. Proc. Nat. Acad. Sci., 
64, 436-443 (1969).
Hase, A. and R. A. Hites. On the Origin of Polycyclic Aromatic Hydro­
carbons in the Aqueous Environment, in "Identification and Analysis 
of Organic Pollutants in Water.” (ed.) L. H. Keith, Ann Arbor Sience 
Publications (1976).
Hauser, T. R. and J. N. Pattison. Analysis of Aliphatic Fraction of
Air Particulate Matter. Environ. Sci. Technol., 6_, 549-555 (1972).
Hewlett, Packard. 3354B Operator's Reference.
Hills, I. R. and E. V. Whitehead. Triterpanes in Optically Active 
Petroleum Distillates. Nature, 209, 977-982 (1966).
Hites, R. A. and W. G. Biemann. Identification of Specific Organic 
Compounds in a Highly Anoxic Sediment by GC/MS and HRMS. Advan. 
Chem. Ser., 147, 188-201 (1975).
Hites, R. A., R. E. Laflamme and J. W. Farrington. Sedimentary Poly­
cyclic Aromatic Hydrocarbons: The Historical Record. Science, 198, 
829-831 (1977) .
Hodgson, G. Origin of Petroleum: Chemical Constraints. Adv. Chem. 
Ser., 103, 1-29 (1971).
Hunt, J. M. Organic Geochemistry of the Marine Environment. "Advances 
in Organic Geochemistry." Proceedings of the 6th International 
Meeting, Tissot, B. and Biener, F. eds, Editions Technip, Paris, 
941-961 (1975).
Hurtt, A. C. and J. G. Quinn. Distribution of Hydrocarbons in Narragan- 
sett Bay Sediment Cores. Environ. Sci. Technol., 13, 829-836 (1979),
Ikan, R. and A. Bortinger. Normal and Isoprenoid Alkanes from an 
Israeli Shale. Geochim. Cosmochim. Acta, 35, 1059-1065 (1971).
Keizer, P. D., J. Dale and D. C. Gordon, Jr. Hydrocarbons in Surficial 
Sediments from the Scotian Shelf. Geochim. Cosmochim. Acta, 42, 
165-172 (1978).
Kimble, B. J., J. R. Maxwell, R. P. Philip, G. Eglinton, P. Albrecht,
A. Ensminger, P. Arpino and G. Ourisson. Tri- and Tetraterpenoid 
Hydrocarbons in the Messel Oil Shale. Geochim. Cosmochim. Acta,
38/ 1165-1181 (1974).
133
Koons, C. B. and P. H. Monaghan. Input of Hydrocarbons from Seeps and 
Recent Biogenic Sources, in "Sources, Effects and Sinks of Hydro­
carbons in the Aquatic Environment." Proceedings of the Symposium, 
American University, Washington, D.C., 9-11 August 1976, coordi­
nated by American Institute of Biological Sciences.
Kovats, E. Gas Chromatographische Charakterisierung Organischer Verbin- 
dungen. Helv. Chim. Acta, XLI: 1915-1932.
Laflamme, R. E. and R. A. Hites. The Global Distribution of Polycyclic 
Aromatic Hydrocarbons in Recent Sediments. Geochim. Cosmochim. Acta, 
42, 289-303 (1978).
Lee, M. L., D. L. Vassilaros, C. M. White and M. Novotny. Retention 
Indices for Programmed-Temperature Capillary-Column Gas Chromato­
graphy of Polycyclic Aromatic Hydrocarbons. Anal. Chem., 51,
768-773 (1979).
MacLafferty, F. W. "Interpretation of Mass Spectra," 2nd ed., The
Benjamin/Cummings Publishing Company, Inc., Advanced book program, 
Reading Massachusetts, U.S.A. (1973).
MacLeod, W. D., Jr., D. W. Brown, R. G. Jenkins and L. S. Ramos. Inter­
tidal Sediment Hydrocarbon Levels at Two Sites on the Strait of 
Juan de Fuca, in "Fate and Effects of Petroleum Hydrocarbons in 
Marine Ecosystems and Organisms." Edited by D. A. Wolfe with 
assistance from J. W. Anderson, D. K. Button, D. C. Malins, T.
Roubal and U. Varanasi, Sponsored by NOAA, and U.S. EPA. Pergamon 
Press, Oxford, New York, Toronto, Sydney, Paris, Frankfurt (1976).
Meyers, P. A. Sediments-Sources or Sinks for Petroleum Hydrocarbons? 
in "Sources, Effects and Sinks of Hydrocarbons in the Aquatic 
Environment." Proceedings of the Symposium, American University 
Washington, D.C., 9-11 August 1976, Coordinated by American Insti­
tute of Biological Sciences.
Moore, K. "Carbon Transport in the Carter Creek Tidal Marsh." Master’s 
Thesis, The College of William and Mary in Virginia (1974).
National Academy of Sciences (U.S.A.). "Petroleum in the Marine Environ-^ 
ment." Washington, D.C. (1975).
Orr, W. L. and J. R. Grady. Perylene in Basin Sediments off Southern 
California. Geochim. Cosmochim. Acta, 31, 1201-1209 (1967).
Reed, W. E., I. R. Kaplan, M. Sandstrom and P. Mankiewicz. Petroleum 
and Anthropogenic Influence on the Composition of Sediments from 
the Southern California Bight. New Orleans Oil Spill Conference, 
183-188 (1977).
Rohrback, B. G. and W. E. Reed. Evaluation of Extraction Techniques 
for Hydrocarbons in Marine Sediments. Publication No. 1537.
Institute of Geophysics and Planetary Physics, University of Calif­
134
ornia at Los Angeles (1975).
Roller, W. Virginia Institute of Marine Science, Gloucester Point,
VA. Personal Communication. July 1979.
Smith, C. L., C. W. Su and W. G. MacIntyre. Hydrocarbon Distribution 
and Concentration, ch. 14, section I, in "Middle Atlantic Outer 
Continental Shelf Environmental Studies," Volume II-D, Chemical 
and biological benchmark studies. Prepared by Virginia Institute 
of Marine Science, Gloucester Point, VA, under Contract No. AA550- 
CT6-62 with the Bureau of Land Management, U.S. Department of 
Interior (1979).
Snedecor, G. W. and W. G. Cochran. "Statistical Methods." Sixth 
Edition, The Iowa State University Press, Ames, Iowa, U.S.A.
(1967) .
Sokal, R. R. and F. J. Rohlf. "Biometry. The Principles and Practice 
of Statistics in Biological Research" W. H. Freeman and Company 
San Francisco (1969).
Van Dorsselaer, A., A. Ensminger, C. Spyckerelle, M. Dastillung, 0.
Sieskind, P. Arpino, P. Albrecht, G. Ourisson, P. W. Brooks, S. J. 
Gaskell, B. J. Kimble, R. P. Philip, J. R. Maxwell and G. Eglinton. 
Degrated and Extended Hopane Derivatives (C27 to C35) as Ubiquitous 
Geochemical Markers. Tetrahedron Lett., 14, 1349-1352 (1974).
Wardroper, A. M. K., P. W. Brooks, M. J. Humberston and J. R. Maxwell. 
Analysis of Steranes and Triterpanes in Geolipid Extracts by Auto­
matic Classification of Mass Spectra. Geochim. Cosmochim. Acta,
4T, 499-510 (1977).
Youngblood, W. W., M. Blumer, R. L. Guillard and F. Fiore. Saturated 
and Unsaturated Hydrocarbons in Marine Benthic Aglae. Mar. Biol., 
8_, 190-201 (1971).
Youngblood, W. W. and M. Blumer. Polycyclic Aromatic Hydrocarbons in 
the Environment: Homologous Series in Soils and Recent Marine 
Sediments. Geochim. Cosmochim. Acta, 39, 1303-1314 (1975).
VITA
Evangelos Alexandros Voudrias
Born in Thessaloniki, Greece, 26 October, 1954. Graduated from 
High School at Kolindros Pierias, July 1972. B.S., Chemistry from
the Aristotelian University of Thessaloniki, Greece, May 1977. In 
August 1977, the author entered the College of William and Mary as a 
graduate assistant in the School of Marine Science, Section of Environ­
mental Chemistry. In August 1979 he entered the University of Illinois 
at Urbana-Champaign as a graduate assistant in the Department of 
Environmental Engineering in Civil Engineering for his Ph.D.
135
